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Knickpoints have long been recognized as key geomorphic features that can be used to reveal the landscape evolution of a region. In particular, mobile knickpoints resulting from relative base-level fall record a landscape in the process of change and can encode information about the timing and rate of landscape response. Here, digital elevation model analysis is undertaken to; (a) identify topographic lineaments related to active faulting, and (b) extract geomorphic metrics and document associated knickpoints for rivers on Guadalcanal and Makira (San Cristobal) part of the Solomon Island chain. These islands have been experiencing uplift of up to 2 mm/year since at least the mid Holocene on the upper (Pacific) plate of the San Cristobal Trench of the Solomon Island Forearc. For Guadalcanal, 23 out of 53 studied rivers exhibit slope-break knickpoints, characteristic of base-level fall, and 27 new topographic lineaments with ∼E-W orientation are identified. By contrast, on Makira 14 of 41 studied rivers have slope-break knickpoints, where the rivers are steeper below the knickpoint than above. In addition, 76 new lineaments are inferred, trending NE-SW and likely to be extensional faults. For both Guadalcanal and Makira there is a good correlation between knickpoint elevation/catchment area and distance upstream from the sea, and a weak correlation between relief and knickpoint elevation. There are no clear relationships between the knickpoints and the new topographic lineaments. These data indicate that both islands are undergoing active river incision caused by regional tectonic uplift along an active subduction zone. On Makira, river steepness (ksn) scales with uplift, and K, coefficient of erosion, is in the range 1 × 10–5 – 7 × 10–6 m0.1yr–1, while K can be estimated as 1 × 10–5 – 5 × 10–8 m0.1yr–1 for Guadalcanal. Calculation of K for steady-state rivers demonstrates a rock strength control on the fluvial response and highlights the importance of lithology on river evolution. Furthermore, the distinct landscape response of the two islands supports the hypothesis that there are different arc segments present along the Solomon Arc and suggests that the Holocene uplift rates for Guadalcanal may not be representative of long-term uplift.
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INTRODUCTION

Research into quantitative landscape evolution has undergone a revolution over the last 40 years, with the advent of high-quality global digital elevation models (DEMs) (Finnegan et al., 2005; Pipaud et al., 2015; Harel et al., 2016), the development of sophisticated computer models of landscape evolution (van der Beek et al., 2002; Whipple and Tucker, 2002; Sklar and Dietrich, 2006; DiBiase et al., 2010) and advances in geochronology (Gosse and Phillips, 2001; Balco et al., 2008). In particular, the study of fluvial geomorphology has been a major focus of the landscape evolution community because bedrock rivers transmit base-level changes to the entire watershed and set the hillslope angle; controlling erosion and sediment deposition (e.g., Snyder et al., 2000; Whipple, 2004; DiBiase et al., 2010).

One application of fluvial geomorphic analysis has been the study of regional uplift and faulting, where the location and slip rate of individual active faults can even be determined, through the recognition of features indicative of rivers responding to changing boundary conditions, for example an increase in uplift rate or a fall in relative base-level (e.g., Kirby and Whipple, 2001; Boulton and Whittaker, 2009; Kent et al., 2017). Changing boundary conditions cause a characteristic transient landscape response that has been widely recognized across a range of tectonic and climatic regimes, typified by the formation of incised bedrock channels with a knickpoint at the upstream extent of steepened channels (Wobus et al., 2003; Bishop et al., 2005; Harkins et al., 2007; Boulton and Whittaker, 2009; Haviv et al., 2010; Kirby and Whipple, 2012; Miller et al., 2012; Ferrier et al., 2013; Miller, 2013; Ortega et al., 2013; Regalla et al., 2013; Boulton et al., 2014; Castillo et al., 2017; Kent et al., 2017). The identification, quantification and analysis of rivers and knickpoints, and other features linked to landscape rejuvenation, routinely utilizes global DEM datasets to investigate regional trends in fluvial geomorphology. Therefore, this remote approach to landscape analysis is especially useful in areas that were previously lacking data owing to either accessibility issues or the subtlety of landscape expression (e.g., Oguchi et al., 2003; Ganas et al., 2005; Marliyani et al., 2016; Menier et al., 2017).

In this study, the tropical islands of Guadalcanal and Makira/San Cristobal, part of the Solomon Islands, are investigated. These islands face considerable hazard and risk from significant seismic activity along the adjacent Australia-Pacific plate boundary. Not only are the islands susceptible to the effects of earthquakes and tsunamis but increased landslide hazard is also common in regions experiencing landscape rejuvenation, because tectonic uplift and river incision causes steepening of hillslopes and increased erosion and mass wasting (Malamud et al., 2004; Ouimet et al., 2007; Gallen et al., 2011; Parker et al., 2015; Bennett et al., 2016; Rao et al., 2017). However, limited research into the geology or geomorphology of the islands has been undertaken in recent years. As a result there is little information available on the potential impact of a range of geological hazards that could affect these islands. As populations in the Global South are some of the most vulnerable to geohazards, the lack of recent research presents a significant research gap.

Furthermore, Holocene uplift data (Chen et al., 2011) exist for the two islands allowing a range of fluvial metrics to be compared to the regional uplift field in a tropical island setting with contrasting bedrock lithology. The availability of independently determined uplift data allow relationships between river steepness and uplift to be assessed and the coefficient of erosion, K, potentially to be determined. K is one of the most difficult of the landscape metrics to calculate and remains unconstrained in many field studies leading to uncertainties the parametrization of this variable in landscape evolution models (Roy et al., 2016; Forte et al., 2016; Yanites et al., 2017). Consequently, determining the natural variation of K is an important challenge for the landscape evolution community.

Therefore, in this study DEMs are used to undertake landscape analysis for Guadalcanal and Makira in the Solomon Island chain that have well-constrained uplift and subsidence rates (Chen et al., 2011). The landscape analysis is used to: (a) identify previously unrecognized active faults; (b) determine the controls on fluvial network development; (c) investigate the relationship between river steepness and uplift, and (d) assess the potential implications for geohazards on the islands.



GEOLOGICAL BACKGROUND

The Solomon Island forearc occupies an 800 km long segment of the Australia-Pacific plate boundary in the southwest Pacific Ocean (Mann et al., 1998; Cowley et al., 2004; Kuo et al., 2016). Formed of a collage of crustal units, the islands are surrounded by deep ocean floor and sit on an uplifted tectonic block (Figure 1). The block is bound by two trench systems: the New Britain–San Cristobal trench (or South Solomon trench system) to the SW and the North Solomon trench to the NE. Today most active subduction occurs along the New Britain-San Cristobal trench with only slight convergence along the North Solomon trench (Mann et al., 1998; Miura et al., 2004; Chen et al., 2011). As with other subduction zones, the Solomon Islands forearc can be divided into segments, with three major tectonic regimes or ‘super-segments’ determined through differences in plate motion, seismic activity and uplift/subsidence rates (Chen et al., 2011). Guadalcanal – Makira is the southernmost of the three segments (the others being the New Georgia Islands and Bougainville Island) and has been further subdivided into five sub-segments by Chen et al. (2011), based primarily upon different histories of vertical tectonic motions across the region. The convergence direction along this segment is oblique, with the Australian Plate subducting along the San Cristobal Trench at 93 mm/yr (Figure 1). As a consequence, the Guadalcanal – Makira segment can be effected by large megathrust earthquakes along the trench and has experienced a number of Mw > 7.0 earthquakes, including an Mw 7.9 earthquake on the 30th April 1939 (Thirumalai et al., 2015; Kuo et al., 2016). In addition, the region experiences frequent lower magnitude seismicity along the subduction zone interface and in the upper plate (Figure 1).
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FIGURE 1. Plate tectonic setting of the Solomon Island Arc with the islands of Guadalcanal and Makira forming the southernmost major islands with Mw > 6 earthquakes for the period 1980 to present shown (USGS, 2019). Bathymetric data is the GEBCO_2019 Grid (GEBCO Compilation Group 2019). Plate velocities from Chen et al. (2011).



Geology of Guadalcanal

Guadalcanal is the largest island in the Solomon Island chain (Figure 2A), ∼ 150 km in length and 45 km wide, with the highest topography located along the southern half of the island reaching a maximum of 2335 m above sea level at Mount Popomanaseu. The drainage and topographic divides of the island are offset to the south along much of the island, although in western Guadalcanal the divides are centrally located in the volcanic zone (Petterson et al., 1999; Chen et al., 2011).
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FIGURE 2. Geological maps [simplified from Department of Geological Surveys (1969)] of (A) Guadalcanal and (B) Makira showing mapped faults and uplifted coral reef locations used to interpolate the uplift field (Chen et al., 2011).


Basement rocks are exposed in the south and west of Guadalcanal forming part of the South Solomon MORB (Mid Ocean Ridge Basalt) Terrain (Petterson et al., 1997, 1999). The basement lithology of the terrain is mainly composed of basaltic lavas with interbedded pelagic sediments and cross-cut by a range of intrusive sills and dykes (Hackman, 1980; Ridgway, 1987). Overlying is a cover sequence dating from the Oligocene to the Pleistocene, dominantly composed of basaltic or andesitic lavas and volcaniclastic sediments (Hackman, 1980; Cowley et al., 2004). Pliocene deposits consist of siltstones, mudstones and shales, inter-bedded with sandstones and conglomerates (Petterson et al., 1999). Published maps (Department of Geological Surveys, 1969) indicate that faulting is predominantly located in the basement rocks with ENE-SWS to NE-SE-trending faults dominant (Figure 2A).

Quaternary to Recent sediments are composed of alluvial deposits, located along the central-north sector of the island, which has raised Pleistocene coralline reef terraces up to 800 m above sea level (Hackman, 1980; Petterson et al., 1999). Estimates of Holocene uplift rates come from the work of Chen et al. (2011), who identified two different sub-segments or uplift zones on Guadalcanal. Coral reefs are submerged at the eastern end of the island, indicating that the area is subsiding. However, to the west Holocene reefs are found at increasing elevations reaching a maximum of 15 m above sea-level suggesting uplift rates of up to 2 mm/yr (Chen et al., 2011) (Figure 2A). Interestingly Chen et al. (2011) postulate the presence of an unidentified offshore active fault owing to the presence of adjacent regions of uplift and subsidence along the southern coast. By contrast, in the western part of the island reefs on the north coast indicate maximum uplift rates of 0.8–0.9 mm/yr (Figure 2A) while much of the southern coast appears to be stable or subsiding at the present time (Chen et al., 2011).



Geology of Makira

The island of Makira (previously known as San Cristobal) is located to the east of Guadalcanal (Figure 1), and is ∼ 140 km long and ∼ 40 km wide. The topography is lower than Guadalcanal with a maximum elevation of 1056 m. The highest topography lies in the center and west of the island, yet the drainage divide is offset to toward the south, whereas the topographic divide is located centrally along island (Chen et al., 2011).

The basement sequence forms the Makira Terrain, a composite Cretaceous-Oligocene MORB with plateau basalts (Petterson et al., 1999) comprising a sequence of basaltic, doleritic and gabbroic intrusions (Figure 2B). The cover sequence comprises Upper Miocene – Lower Pliocene deposits formed of various breccias, calcareous sandstones and siltstones with interbedded basaltic sheets and a Quaternary-recent sequence of alluvium, raised reef, beach, and mangrove sediments (Tejada et al., 1996; Tejada, 2002).

Makira is also structurally complex and dominated by block faulting (Petterson et al., 1999). To the east faults mainly strike NNE-SSW; whereas, toward the west, faults strike ESE to NNE (Figure 2B). Petterson et al. (1997) explained these structures as the result of the oblique collision between the Australian and Pacific plates causing transpressive sinistral strike-slip deformation.

Chen et al. (2011) also determined that Makira is composed of two arc sub-segments based upon uplift trends. A significant part of the island is characterized by an uplifting northern coast with uplift rates of ∼ 0.3 mm/yr (Figure 2B) and a stable or subsiding southern coast. The westernmost part of the island experiences similar rates of uplift but the presence of extensive reefs combined with the gross geomorphology led Chen et al. (2011) to assign this region a different Quaternary uplift history.



Climate

The Solomon Islands have a warm, humid tropical climate with an annual temperature of ∼26°C and two seasons; the dry season from May to October and the rainy season from November to April. The average annual rainfall is 2000 – 5000 mm but varies owing to the relative influence of the El Niño-Southern Oscillation (ENSO), the Asian-Australian Monsoon and the Indian Ocean Dipole (e.g., Abram et al., 2009). Palaeoclimate records suggest that the ENSO was active throughout the Holocene but that overall Holocene climates were cooler and dryer than today and ENSO oscillations weaker (Tudhope et al., 2001; Abram et al., 2009).



MATERIALS AND METHODS


Mapping of Morphostructural Lineaments

Topographic or physiographic lineaments have long been recognized as aligned landforms that can be observed at a range of scales and related to underlying crustal structures such as faults and folds (O’Leary et al., 1976). As availability of low cost and free DEMs have revolutionized the extraction of fluvial geomorphology, so too have they become ubiquitous in the mapping of landforms at a range of scales (e.g., Onorati et al., 1992; Smith et al., 2001; Smith and Clark, 2005). Here, the ALOS World 3D 30 m DEM was used to manually map topographic lineaments on both islands as this dataset has a higher apparent resolution than the SRTM DEM (Boulton and Stokes, 2018).

Smith and Clark (2005) recommend using a range of visualization methods when developing geomorphic maps, to avoid problems in relief-shading causing directional bias in the resulting dataset. They found that no one visualization technique surpassed the advantages of using two or more complementary methods to delimit lineaments, especially where landforms are subdued. In this study, a combination of relief-shaded DEMs (four layers were used, produced with the Hillshade tool in ArcGIS 10.6 with sun azimuth set at 045, 135, 225, and 315°), curvature and slope visualization methods were used to identify natural topographic lineaments. In addition, tectonic geomorphic features such as truncated spurs, triangular facets, offset valleys etc., were identified to focus only on the lineaments that are likely to be caused by active faults. However, based upon the available data, active from inactive faults cannot be conclusively separated and all lineaments would need ground truthing in order to fully identify the type of causative structure and determine the sense of motion and activity level. Infrastructure maps were used to cross-check results and avoid mapping any anthropogenic features.



River Profile Analysis

Three broad models describing fluvial erosion have been developed: detachment-limited; transport-limited and hybrid models (e.g., Tucker and Whipple, 2002; Whipple and Tucker, 2002). In detachment-limited systems the steady-state (where erosion equals uplift) river gradient is controlled by the strength of the channel substrate and relative base-level fall; these rivers are characteristically bedrock rivers.

These models of river behavior predict the relationship between slope, S, and upstream drainage area, A, in the form:
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where Θ is the concavity index and ks the steepness index.
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As eq. (1) subsumes within ks the uplift rate of a given area (Eq. 2) this term should vary systematically with uplift at steady state (Whipple and Tucker, 1999, 2002), a conclusion that has been supported by a range of empirical studies (i.e., Snyder et al., 2000; Kirby and Whipple, 2001; Safran et al., 2005; Cyr et al., 2010; DiBiase et al., 2010). The erosion coefficient, K, encompasses several factors including rock strength, channel width and runoff, yet despite recent modeling and empirical studies this variable remains poorly constrained (Stock and Montgomery, 1999; Snyder et al., 2000; Roy et al., 2016; Bernard et al., 2019).

In addition, the stream power model predicts that the shape of the river will be concave-up under presumed steady-state conditions (Figure 3A) (Whipple and Tucker, 2002; Kirby et al., 2003). However, where uplift ≠ erosion, the river is no longer in steady-state and non-equilibium geomorphic features (i.e., knickpoints) may develop (Figures 3C,E). Knickpoints are recognized in the field as steeper channel reaches through to waterfalls and have been classified into two end member morphologies: vertical-step and slope-break (Figures 3D,F), based upon their form on slope-area graphs (Haviv et al., 2010).
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FIGURE 3. Conceptual diagram showing the river long profile and slope-area graphs for rivers in steady state (A,B), rivers with a vertical step knickpoint (C,D) and rivers with a slope-break knickpoint (E,F) (adapted from Wobus et al., 2006; Kirby and Whipple, 2012). Note that the steepeness index (the intercept - ks) increases downstream across a slope-break knickpoint but not across a vertical step knickpoint. (G,H) Show an example of a river profile and slope-area plot, respectively, from the study area. This is river 21 from the island of Makira, the green line is the raw DEM river profile and the purple is the smoothed profile.


Slope-break knickpoints (Haviv et al., 2010; Kirby and Whipple, 2012) develop in response to a change in the base-level of the system, forcing the fluvial system from one steady state to another. For example, changes in boundary conditions can result from an increase in rock uplift as a result of the initiation of new faults, the increase in slip rate on existing faults, or permanent eustatic sea-level fall (Wobus et al., 2003, 2006; Goldrick and Bishop, 2007; Harkins et al., 2007; Marliyani et al., 2016). The slope-break knickpoint transmits the new base-level to the catchment as a migrating wave through the river system. The horizontal celerity is a function of drainage area, so as the knickpoint travels through the drainage system the celerity decreases as catchment area decreases (Whipple and Tucker, 1999; Crosby and Whipple, 2006). Therefore, within a single catchment the knickpoints will migrate at a rate proportional to drainage area and at any given time will occur at a constant elevation within the landscape assuming that prior to perturbation the landscape was in equilibrium (Crosby and Whipple, 2006). However, differences in knickpoint elevation can be observed as a result of spatial variation in uplift rates along a fault, climatic variations across a study area or where the pre-existing landscape was not in steady-state (Bishop et al., 2005). Where knickpoint dispersal is the result of variations in uplift rate along normal fault arrays, the height of the knickpoint has been shown to correlate with the slip rate on faults (Boulton and Whittaker, 2009; Whittaker and Boulton, 2012; Gallen and Wegmann, 2017; Kent et al., 2017). This observation means that in regions without independent means to determine uplift rates the transient river profile provides a mechanism by which fault activity can be evaluated.

By contrast vertical-step knickpoints are generally stationary, anchored in space as a result of a discrete change in channel conditions, such as a more resistant bedrock lithology, a debris flow or landslide causing the deviation away from steady state conditions (Phillips and Lutz, 2008; Haviv et al., 2010; Kirby and Whipple, 2012). Vertical-step knickpoints can also mark the position of faults in the landscape where there is marked lithological change across the structure (Whipple, 2004; Wobus et al., 2006; Kirby and Whipple, 2012; Liu et al., 2019). In general, the significance of vertical-step knickpoints is more relevant to smaller channel-scale heterogeneities rather than regional-scale trends in uplift or sea-level fall.

Longitudinal river profiles were extracted from the SRTM 30 m DEM (Farr et al., 2007; USGS, 2019) using a combination of the Matlab stream profiler tool and the ArcGIS suite of programs using the ArcHydrology toolbox (Tarboton et al., 1991) to create a hydrologically sound DEM and to extract the river network. Major river systems were extracted that drain the islands of Guadalcanal and Makira where drainage area exceeds 105 m2 (cf. Kirby and Whipple, 2001, 2012). The SRTM DEM is of higher quality than the ASTER DEM for the region, this is in line with observations elsewhere (e.g., Boulton and Stokes, 2018). This analysis was completed before the ALOS World dataset was released, and previous research shows that DEM choice has little effect on the results of river profile analysis (e.g., Wobus et al., 2006; Boulton and Stokes, 2018). Channel slope, S, and upstream drainage area, A, were plotted on SA log-log plots and used to calculate the channel concavity, Θ, and the steepness index, ks, through slope regression (Figure 3). As the concavity determines ks, a reference concavity Θref (Wobus et al., 2006) is used to calculate the normalized steepness index, ksn. A standard Θref = 0.45 is used to be consistent with other studies (e.g., Wobus et al., 2003, 2006; Ouimet et al., 2009; DiBiase et al., 2010; Miller et al., 2012; Cyr et al., 2014) allowing for inter-study comparison.

Knickpoints were identified based upon observed breaks in scaling on the SA plots (Figure 3). On rivers where knickpoints were identified, Θ and ksn were calculated separately for channel reaches above and below the knickpoint(s). Knickpoints were also mapped onto the DEM so that any spatial relationships between knickpoint locations and lithological boundaries based upon the published map (Department of Geological Surveys, 1969) or inferred faults from DEM analysis could be identified.



Uplift Rates

Uplift values were interpolated across the two islands using the dated Holocene coral database of Chen et al. (2011). This was achieved in ArcMap using a spline with barriers tool. The spline interpolation technique was chosen as this technique honors the original datapoints (i.e., the output surface passes through the input points) and the barriers to take into account possible discontinuities in the uplift field across proposed arc segments. A disadvantage of this method is that the resultant uplift field is restricted to the x, y extent of the input points.



RESULTS


Guadalcanal Lineaments

There are limited structural data available for Guadalcanal, although the published geological map (Department of Geological Surveys, 1969) includes 69 faults mapped primarily in the igneous basement but also deforming the Pliocene sediments (Figure 4A). The dominant trend of these mapped faults is NE-SW, with secondary fault trends in the SE-NW quadrant. Interestingly, the SE-NW orientated structures have longer mapped traces (up to 50 km) but are less common than the shorter NE-SW trending faults. Both sets of faults can be found across the whole island and there are no clear patterns of cross-cutting relationships suggesting that these two sets of structures could be a conjugate fault system (Figure 4).
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FIGURE 4. (A) ALOS World 3D 30 m DEM (©JAXA) of Guadalcanal showing existing faults from the published mapping data (Department of Geological Surveys, 1969) and inferred topographic lineaments, rose diagrams showing the orientations of both datasets are shown in the top right corner. (B,C) Raw and interpreted DEM for the area shown in the blue box on part (A).


Interestingly, many of these previously mapped faults do not have a clear topographic expression. Only 27 lineaments were identified through the topographic analysis of the DEM. The majority of these structures are oriented ESE-WNW, with few lineaments striking NE-SW. In some cases, the traces of the new faults are located close to mapped structures suggesting that these could be the same fault but that errors in location could have resulted in slight mismatches between datasets. For example in the south of the island (Figures 4B,C), a topographic lineament was identified based upon truncated spurs and aligned valleys, with transverse and offset streams. This new lineament is located in between two previously identified subparallel structures trending ESE-WNW, which have limited topographic expression. These ESE-WNW striking structures appear to be truncated by a cross-cutting N-S lineament with triangular facets forming the western-side of a river valley (Figures 4B,C). Other mapped lineaments are present in this area but do not have clear topographic expression.



Guadalcanal Rivers

On the island of Guadalcanal, 57 river profiles that drain radially from the central high topography to the coast were extracted from the SRTM 30 m DEM (Figure 5, Table 1, and Supplementary Figure S1). Twenty-five rivers flow to the north, these are in general longer (average length 48.7 km; longest river 13 at 69.95 km) than the 32 rivers that flow southwards (average 16.7 km, longest rivers are rivers 33 and 40 both 33 km long). Of the 57 river profiles extracted, 24 contain one or more knickpoints, while the remaining 33 rivers have river long profiles without any marked discontinuities.


[image: image]

FIGURE 5. Hillshade map derived from the 30 m SRTM DEM (USGS, 2019) for the island of Guadalcanal showing the rivers extracted for analysis shaded by ksn, identified slope-break knickpoints (black circles), major faults identified from analysis of the DEM and based upon existing mapping data (Department of Geological Surveys, 1969) and the interpolated uplifted field.



TABLE 1. Data extracted for the rivers considered in this study.

[image: Table 1]Rivers without knickpoints more commonly flow to the south coast of the island (18 rivers), than to the north (11 rivers). The average concavity (θ) for all rivers across the island is 0.49, with little variation between the southerly flowing rivers (θ = 0.46) and the northerly flowing ones (θ = 0.54). Whereas the steepness index does vary significantly between the south and north from 111.1 to 59.2 m0.9, respectively.

By contrast, rivers flowing northwards contain the majority of the knickpoints, where 14 rivers have a single prominent knickpoint, and rivers 1 and 20 have two clear knickpoints. Above the knickpoint (in the river headwaters) the average θ = 0.62 and the steepness index (ksn) = 58.9 m0.9; while downstream of the knickpoint, θ = 1.4 and ksn = 87.9 m0.9. A similar pattern is seen in the 10 rivers containing knickpoints that drain to the south, upstream of the knickpoint θ = 0.5 and ksn = 71.5 m0.9, while downstream θ = 0.8 and ksn = 130.7 m0.9. Therefore, there is a consistent pattern of over-steepened (θ > 0.8) rivers downstream of the knickpoint in both the northern and southern rivers, although in general the southern rivers are steeper and shorter than in the north. These rivers show the typical geometry of slope-break knickpoints and the location of mapped knickpoints does not clearly correlate with either mapped geological boundaries or faults.

Where there are two knickpoints observed in the river profiles this observation holds true for the higher knickpoint; whereas, for the lower elevation knickpoint there is a decrease in ksn downstream across the knickpoint. This knickpoint morphology is more characteristic of vertical-step knickpoints, with spike in the values on the SA plot. These knickpoints will not be considered further as it is likely that such knickpoints are the result of lithological discontinuities.

When analyzing slope-break knickpoint formation and behavior, the vertical and horizontal components of knickpoint retreat need to be considered. The horizontal knickpoint retreat distance was measured from the coast; in the absence of a clear causative fault, this datum provides a constant reference elevation with which to compare rivers within and across islands. When the upstream distance of the knickpoint is compared to the total drainage area (Figure 6A) of the catchment there is a good (r2 = 0.8) correlation between the two variables with a power law relationship (L ∼ A0.56), demonstrating that in larger river catchments the knickpoints have migrated further upstream, for example in river 13 with a drainage area of 650 km2 the knickpoint is 67 km upstream, whereas along river 8 with a catchment area of 45 km2 this knickpoint is ∼ 16 km upstream. This observation is consistent with observations from numerous other studies (e.g., Crosby and Whipple, 2006; Harkins et al., 2007; Miller et al., 2012; Whittaker and Boulton, 2012; Kent et al., 2017) and with theoretical predictions from simple stream power models (L = A0.5). A similar scaling relationship is observed between the downstream distance from the drainage divide and the catchment area upstream of the knickpoint (Figure 6B). It is important to note that knickpoints from northwards and southwards flowing rivers plot together and that there is no difference in the scaling relationships of the two groups.
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FIGURE 6. Graphs showing a range of knickpoint variables for Guadalcanal where black circles are knickpoints on north flowing rivers and gray are on south flowing rivers, similarly regression lines are black and gray for north and south rivers, respectively and the blue lines are for all data points. (A) Distance from mouth against total catchment area, (B) Distance from divide against catchment area above the knickpoint, (C) Knickpoint elevation (above sea-level) against total catchment area and (D) distance from mouth against knickpoint elevation.


When the relationship between the elevation of the slope-break knickpoints and the catchment areas of their rivers is examined (Figure 6C), to investigate the vertical component of knickpoint migration, there is a weak correlation (r2 = 0.3) between higher elevation knickpoints occurring in larger catchments across the whole island. Similarly, there is a weak relationship (r2 = 0.3) between the knickpoint elevation and the upstream distance of the knickpoint from the mouth of the river at sea-level (Figure 6D). When the upstream distance of knickpoints is compared between the rivers draining to the north and the south, this relationship is slightly strengthened (r2 = 0.37 and 0.44, respectively).

Yet, when the elevation of the knickpoints is considered along the strike of the island there is no clear distinction between the two sets of the knickpoints, with the majority of knickpoints falling in the 200 – 600 m above sea-level range with only six knickpoints found at higher elevations, present in rivers on both sides of the island (Figure 7). The majority of knickpoints appear to plot close to the average elevation along the island. When the ksn above and below the knickpoint is plotted along the strike of island both sides of the island show a general increase in steepness from the NW to the SE (Figure 8A) from 72 to 180 m0.9. While there is a clear separation in ksn values above and below identified knickpoints. It is interesting to note that ksn values from rivers without knickpoints span the whole range of the observed values. In addition, the ratio of ksn change from above to below the knickpoint is fairly constant along the length of the island and there is no clear trend in behavior (Figure 8B).
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FIGURE 7. Graph showing the distance along the strike of the island axis from NW – SE against mean (blue) and maximum (gray) elevation, knickpoint elevation (blue north/orange south) and interpolated uplift field for the island of Guadalcanal. Note that the maximum elevation value are affected by errors in the DEM.
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FIGURE 8. (A) Ksn against distance along strike of Guadalcanal showing the difference in value for the river above and below the knickpoints (where present) and ksn for the whole river (where knickpoints are absent). (B) Ksn ratio (below knickpoint/above knickpoint) of rivers with knickpoints along the island of Guadalcanal. (C) Knickpoint elevation and (D) Ksn against topographic relief for Guadalcanal.


When knickpoint elevation and ksn values are compared to the geomorphic relief of the topography it is apparent the both knickpoint height and ksn are higher where the topographic relief is greater (Figure 8C), although there is only a weak correlation (r2 = 0.28) between ksn downstream of knickpoints than between upstream values or overall knickpoint elevation (Figure 8D).



Makira Lineaments

In comparison to Guadalcanal there are fewer mapped structures on the published map of Makira (Department of Geological Surveys, 1969), 52 faults (Figure 9A) are shown with almost all located in the basement geology that dominates the island. The published faults are mainly NW-SE and E-W striking structures with minor ∼ N-S striking faults.
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FIGURE 9. (A) ALOS World 3D 30 m DEM (©JAXA) of Makira showing existing faults from the published mapping data (Department of Geological Surveys, 1969) and inferred topographic lineaments, rose diagrams showing the orientations of both datasets are shown in the top right corner. (B,C) Raw and interpreted DEM for the area shown in the blue box on part (A).


A significant number of topographic lineaments were identified for Makira, with a total of 76 potential faults identified from the DEM (Figure 9). Many, such as those in the NW of the island (Figures 9B,C) have strong topographic expression, with changes in elevation, offset topographic features and aligned river systems along the strike of the features. The majority of these topographic lineaments strike NE-SW across the whole island, although structures striking E-W/NW-SE are more common in the western part of the island and could be conjugate structures to the dominant NE-SW striking features. As for Guadalcanal, some lineaments with topographic expression are coincident with previously mapped faults but many are newly recognized here.



Makira Rivers

The island of Makira is a similar size to Guadalcanal, although fewer large rivers are present on this island. In total 41 rivers were analyzed with 26 draining to the north coast and 15 flowing to the south (Figure 10, Table 1, and Supplementary Figure S2). The average length of the rivers is greater for northward than for southward flowing rivers, at 35.7 and 15.3 km, respectively. Nineteen rivers show clear knickpoints along their profile, with 10 draining northwards and only 5 rivers draining to the south exhibiting knickpoints.
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FIGURE 10. Hillshade map derived from the 30 m SRTM DEM (USGS, 2019) for the island of Makira showing the rivers extracted for analysis shaded by ksn, identified slope-break knickpoints (black circles) and major faults identified from analysis of the DEM and based upon existing mapping data (Department of Geological Surveys, 1969).


The average concavity (θ) for all rivers across the island that do not have knickpoints is 0.57, with some variation between the southerly flowing rivers (θ = 0.64) and the northerly flowing ones (θ = 0.5). Similarly, the steepness index varies between the south and north from 60.2 to 35.7 m0.9, respectively, consistent with the southern rivers being steeper than northern rivers. This relationship was also observed on Guadalcanal to the north.

Rivers flowing northwards contain the majority of the knickpoints, where most rivers have a single prominent knickpoint, and rivers 5 and 23 have two clear knickpoints. Above the knickpoint (in the river headwaters) the average θ = 0.78 and ksn = 28.9 m0.9 and downstream of the knickpoint, θ = 1.1 and ksn = 50.8 m0.9. A similar pattern is seen in the five rivers containing knickpoints that drain to the south, upstream of the knickpoint θ = 0.79 and ksn = 26.1 m0.9, while downstream θ = 0.8 and ksn = 54.8 m0.9. Therefore, there is a consistent pattern of steeper rivers downstream of the knickpoint in both the northern and southern rivers, although in general the concavity of the rivers above and below knickpoints is similar but overall higher than in the rivers without knickpoints. In addition, the location of these knickpoints does not clearly correlate with mapped geological boundaries with the majority of knickpoints falling within the older igneous and volcanic complex. Although some knickpoints do appear to fall close to faults, overall these characteristics are typical of slope-break knickpoints.

When the upstream distance of the knickpoint is compared to the total drainage area (Figure 11A) of the catchment there is a good (r2 = 0.7) correlation between the two variables with a power law relationship (L ∼ A0.57), demonstrating that in larger river catchments the knickpoints have migrated further upstream. Rivers flowing to the north and south plot in the same field demonstrating a similarity in behavior across the island. Interestingly this relationship is virtually the same as for Guadalcanal (Figure 6A), although for the Makira the correlation is not quite so strong. The scaling relationship between knickpoint distance from divide and the catchment area above the knickpoint also shows a strong correlation (r2 = 0.96) consistent with theoretical models of stream power (Figure 11B).
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FIGURE 11. Graphs showing a range of knickpoint variables for Makira where black circles are knickpoints on north flowing rivers and gray are on south flowing rivers. (A) Distance from mouth against total catchment area, (B) Distance from divide against catchment area above the knickpoint, (C) Knickpoint elevation (above sea-level) against total catchment area and (D) distance from mouth against knickpoint elevation.


In contrast to Guadalcanal there is no clear relationship between catchment area and ksn (Figure 11C), although in general knickpoint elevation does increase as the distance from the river mouth increases (Figure 11D). This pattern becomes stronger when the knickpoint elevation is considered along the strike of the island (Figure 12). In the northern 60 km of the island, the maximum elevation of the topography is ∼600 m, while mean elevation is ∼200 m. The elevations of knickpoints reflect the overall topography ranging from 160–380 m in elevation, the majority of the knickpoints fall around the mean elevation of the topography with few sitting high up in the catchments. Whereas, in the central part of the island maximum and mean elevations increase, with maximum elevations reaching > 1000 m. Here knickpoints are mostly high in elevation located near the maximum elevation. Interestingly for the island of Makira there is a clear relationship between the topography and the interpolated uplift rates, with the lower topography found in the north and south of the island correlating with zones of subsidence or low rates of uplift. The inflection points between areas of subsidence and uplift closely correspond to the margins of the topographically higher central part of the island, where uplift rates reach > 0.6 mm/yr (Chen et al., 2011).
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FIGURE 12. Graph showing the distance along the strike of the island axis from NW – SE against mean (blue) and maximum (gray) elevation, knickpoint elevation (blue north/orange south) and interpolated uplift field for the island of Makira.


When the ksn values are considered along the strike of the island (Figure 13A) a similar pattern is observed, with values above and below the knickpoint generally lower in the north and extreme south, while they are up to two times higher in the south central part of the island. This trend is not as clear in the ratio between steepness index above and below the knickpoint but interestingly ksn ratios are higher in southern catchments than in northern ones (Figure 13B). However, when topographic relief is considered there is only a weak positive trend with knickpoint elevation (Figure 13C). No trend is apparent with relief is compared to ksn, with ksn being rather invariant with respect to relief (Figure 13D).
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FIGURE 13. (A) Ksn against distance along strike of Makira showing the difference in values for rivers above and below the knickpoints (where present) and ksn for the whole river (where knickpoints are absent). (B) Ksn ratio (below knickpoint/above knickpoint) of rivers along the island of Makira. Figure 8. (C) Knickpoint elevation and (D) Ksn against topographic relief for Makira.




DISCUSSION


Origin and Implications of Knickpoints

Slope-break knickpoints have been identified along river systems on both Guadalcanal and Makira. These geomorphic features typically form along bedrock rivers responding to a relative base-level fall, which causes a transient wave of incision to propagate up through the catchments as the river adjusts to the new boundary conditions. However, what caused the formation of the knickpoints observed on Guadalcanal and Makira? Were knickpoints triggered by eustatic sea-level fall, localized faulting or regional tectonic uplift?

In the Pacific, eustatic sea-level has experienced two periods of significant sea-level fall in the last 140 kyrs. Firstly, at 140 ka the sea-level was ∼135 m lower than present, and at the climax of the last glacial (20 Ka; Woodroffe and Horton, 2005). This eustatic fall in base-level has been implicated in the formation of knickpoints described on the Pacific islands of Tahiti (Ye et al., 2013) and Hawaii (Seidl et al., 1994). However, the knickpoints described on these islands are morphologically waterfalls rather than steep fluvial reaches, the majority of rivers are typically < 10 km in length and many have linear river profiles. Furthermore, the knickpoints typically occur near the coast as hanging-valleys. Neither Seidl et al. (1994) nor Ye et al. (2013) classified the observed waterfalls as vertical-step or slope-break but they may be vertical-step in nature. Therefore, the morphology of the eustatic sea-fall generated waterfalls previously recorded on other Pacific Islands is dissimilar to those recognized on Guadalcanal and Makira.

In addition, knickpoints developed as the result of sea-level fall would be expected to have the following characteristics. Firstly, knickpoints would be expected to occur in all rivers, except those that are short so that in the response time of the system the knickpoints would have migrated through the catchment (or the knickpoints would be trapped at a threshold drainage area [c.f., Crosby and Whipple, 2006]). Secondly, knickpoints would have formed at the same time and thus show consistent scaling, and knickpoint elevation within and across catchments should be in a narrow band. Finally, where lithology and climate are similar there should be no variations in ksn or ksn ratio across the island. By contrast, knickpoints forming as a result of a change in the rate of uplift, or potentially a switch from subsidence to uplift, would show along strike variations in the ksn values, as ksn is known to positively scale with uplift (e.g., Snyder et al., 2000). In this scenario, if the uplift affected an entire island or arc segment, all rivers would also be affected. Therefore, the key discriminating factor to determine the likely mechanism of knickpoint formation is the ksn of the river systems.

For the island of Makira, ksn values (Figure 13) show an increase toward the south, with a peak in values at 110 km along strike. This pattern correlates with the inferred uplift rates across the island (Figure 12), where uplift rates reach a maximum ∼0.7 mm/yr at 110 km along strike, and is also reflected in the elevation of the knickpoints also reaching maximum heights in the southern half of the island (c.f. Boulton and Whittaker, 2009). When the inferred uplift rate at the mouth of the rivers is plotted against ksn values for steady-state rivers there is a positive, although weak, linear relationship (Figure 14) reflecting these previous observations.
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FIGURE 14. (A,B) Plots of ksn against interpolated uplift rates of the islands of Guadalcanal and Makira, respectively.


By contrast on the island of Guadalcanal, ksn values along strike are fairly constant (average ksn = 67 m0.9) from 0 to 50 km (Figure 7), with an increase in ksn to an average of 100 m0.9 in the southern two thirds on the island. Yet, when the uplift values are interpolated from available data the uplift field of the island is also fairly constant at ∼ 1 – 0.4 mm/yr but showing an overall decrease to the south. Although, ksn and relief are positively correlated, the topography appears decoupled from the uplift data available and the correlation between ksn and uplift rates is invariant (Figure 14).

There is no clear pattern of knickpoint location upstream of potentially active faults, as would be expected if knickpoints were generated because of changes in motion along individual structures. Indeed, on both islands knickpoints are present along rivers that apparently do not cross faults (either previously published or inferred from DEM analysis carried out in this study). In addition, on both islands knickpoints are more common in the longer northwards flowing rivers than on the southwards flowing rivers, which tend to be steeper than those flowing to the north. These observations suggest; (a) a regional rather than local control on knickpoint formation, and (b) that knickpoints may have already completely migrated through the short steep southern rivers implying that the timing of knickpoint formation was longer ago than the response times of the rivers. Some rivers have response times of millions of years, albeit in drier climates (e.g., Italy ∼1–2 × 106 Myr [Whittaker et al., 2007]), but even in tropical climates response times are likely > 25 Ka (Whipple, 2001).

In summary, although the evidence for Guadalcanal is somewhat equivocal, the patterns of knickpoints and the correlation between ksn and uplift rates for Makira demonstrate that the landscape is transiently responding to regional uplift along the subduction zone as opposed to eustatic sea-level fall. Therefore, this is likely also to be the cause of knickpoints on the nearby island of Guadalcanal. Uplift, and the associated base-level fall trigger knickpoint formation and propagation when there is an increase in the uplift rate. A question remains over when and why this increase in uplift might have taken place, but uplift could be linked to variable rates of strain accumulation that has been evidenced elsewhere in the Solomon Arc (Thirumalai et al., 2015).



Uplift Dependent Channel Steepness

It is of note that the fluvial geomorphic responses are distinct given that rates of uplift and climate are similar for the two islands. There is a positive, albeit weak, correlation (R2 = 0.4) between uplift and ksn for rivers without knickpoints for Makira. Whereas, there is no correlation between these variables along river reaches upstream or downstream of knickpoints (Figure 14). On Guadalcanal, there is no clear correlation between inferred uplift and ksn for any river reaches (Figure 14). This dichotomy could be the result of a recording bias, for example the rates derived from uplifted coral reefs of Makira are more representative of long-term uplift rates but on Guadalcanal the uplift recorded by the coral reefs could be representative only of short interseismic strain and are not equal to the longer term rates to which the rivers are responding. This explanation is also consistent with Guadalcanal and Makira being located on two different arc segments and having different uplift histories (Chen et al., 2011).

However, the contrast in fluvial response equally could be a result of the more complex bedrock geology of Guadalcanal, compared to Makira that is dominated by basement MORB (Figure 2). The assumption that channel gradient varies linearly with tectonic forcing is only true where K (erodibility coefficient) is uniform across the region (Whipple and Tucker, 1999; Snyder et al., 2000). As K embeds rock strength, regional lithological variability can result in K scaling over several orders of magnitude (Stock and Montgomery, 1999). Therefore, different bedrock geology can explain the contrasting landscape response and the lack of scaling between ksn and uplift (U) on Guadalcanal.

Cyr et al. (2010) state that the channel longitudinal profile must be in steady-state so that U as well as K is uniform along the channel to determine K. This condition therefore appears likely to be satisfied for the concave-up rivers on Makira (although the relationship is weak) and explains why there is no correlation between the variables where knickpoints are present, as these rivers are not in steady-state. Furthermore, the linear ksn to U scaling implies that the n exponent in Eq. (2) is ∼1, which is consistent with a range of other studies across a range of climatic zones (i.e., Wobus et al., 2006; Burbank and Anderson, 2011; D’Arcy and Whittaker, 2014). Therefore, assuming that U = E in the concave-up rivers, one can derive values of K in the range 1 × 10–5 – 7 × 10–6 m0.1yr–1 for Makira where uplift is positive using the results of the stream profile analysis and the interpolated uplift field (eq. 2). K can also be estimated for Guadalcanal using ksn for the rivers without knickpoints, assuming U = E and n = 1, deriving values of K in the range 1 × 10–5 – 5 × 10–8 m0.1yr–1. The spread of values likely reflect a combination of factors that are difficult to quantify given existing data, such as precipitation gradients across the island, variability in channel morphology or local rock strength variations not captured by regional scale mapping. These values are consistent with values reported elsewhere; for example, Stock and Montgomery (1999) reported values in the range of 10–2 to 10–7 m0.2yr–1 for a range of rock types across a number of climatic zones. Similarly, Brocard and Van der Beek (2006) determined that for bedrock rivers in the French Alps K = 1.1 – 4.7 × 10–5 m0.4 yr–1 and van der Beek and Bishop (2003) determined that K = 7 × 10–7 m0.4 yr–1 for a river crossing crystalline basement rocks in SE Australia. Therefore, it is likely that the larger range of K parameter values estimated for Guadalcanal reflect the greater variation in bedrock lithologies present on this island compared to Makira, especially the presence of presumably weaker sedimentary rocks (sandstones, siltstones) in addition to the stronger basement lithologies found on both islands (Katz et al., 2000). These data support the hypothesis that rock strength is a key control on landscape evolution in the Solomon Islands.



Geohazard Implications

As demonstrated above the fluvial geomorphology on the islands of Guadalcanal and Makira is transiently responding to a base-level fall that is interpreted as the result of regional uplift modulated by rock strength along this segment of the Solomon Islands Forearc. Although it is well known that this region can be affected by strong (>7.0 Mw) megathrust earthquakes, this research highlights the landscape vulnerability to the tectonic activity along the subduction zone.

Firstly, it is probable that at least some of the mapped faults pose a hitherto unquantified earthquake hazard and warrant further investigation. Although, many of the mapped faults on the islands of Guadalcanal and Makira have no clear expression in the landscape that is identifiable through DEM analysis, it is not clear if these faults are inactive or if high erosion rates and/or vegetation cover obscure activity on these faults. The DEM (Figure 9) also shows that the many of the major river systems have developed parallel to the NE-SW faults on Makira and the current mapping of the structures may underestimate the faulting as a result of fluvial erosion obscuring fault traces.

Furthermore, the topographic lineament analysis undertaken here has revealed new lineaments on both islands that have previously not been recognized (Figures 2, 4, 9), although a greater number have been identified on Makira than on Guadalcanal. On Guadalcanal, previously mapped faults are consistent with the new lineament analysis (Figure 4). These faults are described as high-angle structures with vertical slip and a minor strike-slip component of motion, which are mainly confined to the underlying basement (Coleman, 1965). Therefore, it is likely that the new lineaments mapped here for Guadalcanal are the surface expression of the NW-SE-striking vertical (normal?) slip faults. By contrast, many more potential faults have been identified on Makira through lineament analysis than are present on the Department of Geological Surveys (1969) map (Figure 9). These lineaments show a dominant NE-SW trend, previously determined as the ‘master’ faults set by Petterson et al. (2009) and are consistent with their partial mapping of the eastern part of the island. Petterson et al. (2009) state that these faults are also normal faults similar to those on Guadalcanal. The normal faults are indicative of upper plate extension, which has been described in subduction zones worldwide particularly where plate motion is oblique to the trench (e.g., Whittaker et al., 1992; Upton et al., 2003). While the normal faults described here are not responsible for the >7.0 Mw megathrust earthquakes, active normal faults > 12 km in length could still generate earthquakes of 5.0 – 6.0 Mw (Wells and Coppersmith, 1994).

Secondly, there is a weak relationship on Makira between uplift and various landscape metrics, including relief and channel steepness. While ksn values are not directly convertible into rock uplift rates, river profile analysis can be used to identify steeper channels and thus regions more likely to be experiencing relatively higher erosion and uplift rates. There is a well-documented linkage between landscape transience, river incision and landsliding especially where bedrock lithologies are similar (Ouimet et al., 2007; Gallen et al., 2011; Bennett et al., 2016). As the knickpoint migrates through the system, the downstream portion of the river steepens and incises to the new base-level. Consequently, gorge formation and development of hillslopes with angles > 45° are typical. Landslides have been shown to be common downstream of knickpoints and are a key process in the erosion of landscapes (e.g., Gallen et al., 2011; Bennett et al., 2016). Therefore, in river reaches downstream of the knickpoints on Guadalcanal and Makira, the incidence of landslides will likely be higher than upstream of the knickpoints.

In addition to landslides triggered by incision, earthquakes induce many landslides (Keefer, 1984); where the density of landsliding increases with earthquake magnitude (Keefer, 2000; Meunier et al., 2008). Furthermore, earthquakes likely ‘prime’ landscapes increasing the likelihood of further landsliding; a concept referred to as preconditioning (Parker et al., 2015). Therefore, in the Solomon Islands landslides may be triggered co-seismically or by rainfall but present a clear hazard along steep catchments.



CONCLUSION

Topographic lineament and river profile analyses, using DEMs, were undertaken on the islands of Guadalcanal and Makira that form the southernmost part of the Solomon Island chain and have well defined uplift fields. Situated on two different arc segments the bedrock geology and fluvial geomorphology shows marked similarities and differences between the two islands. Lineament analysis is consistent with existing mapping, showing that both islands have previously unrecognized NE-SW and ESE-WNW striking faults, likely to be extensional in nature. Fifty-seven rivers for Guadalcanal and forty-one rivers for Makira were selected for river profile analysis. On both islands, rivers flowing to the north were overall less steep and longer than the rivers flowing to the south coast and northern rivers were more likely to contain slope-break knickpoints. There is a weak correlation between knickpoint elevation and topographic relief for both Makira and Guadalcanal, but for Makira there is no clear correlation between relief and ksn, while the rivers of Guadalcanal do have a weak correlation between these parameters. By contrast, there is a weak positive linear relationship between river steepness index and interpolated uplift rates for Makira, as predicted by stream-power erosion laws, which allows K, the erosion coefficient, to be calculated. The origin of these knickpoints is likely to be the result of tectonic uplift along the arc, and reinforces that these islands are subject to not only high-magnitude earthquakes, but that river incision and knickpoint migration are also likely to result in hillslope instabilities and landsliding. The differences between the geomorphic response of the two islands, given climatic similarities, is probably the result of the more complex bedrock geology of Guadalcanal in comparison to Makira, highlighting the importance not only of tectonic but lithological control on landscape evolution. The differences in the bedrock geology, structural grain and geomorphology also support the hypothesis that these islands are located on different segments of the Solomon Arc.
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FIGURE S1 | River long profiles for the island of Guadalcanal. See Figure 5 for location of each river.

FIGURE S2 | River long profiles for the island of Makira. See Figure 10 for location of each river.
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75

DFD (km)

1.0
12
08
35
106
34
75
156
46
29
89
135
1.0
36
24
15
31
30
08
34
33
48
a7
45
44

53
03
54
33
a3
09
06
24
24

143
43
19
07
31
17
17
06
1.4
10
20
05

Below knickpoint

Kan

498
792
513
526
709
446

150.8
543

1167

17.9

1758

1027

1185

806
803
164.0
180.7
1199
1922
1325
2520
604
725
523

470
6
423
53.1
506
656
705
831
659
602
705

1128

126.3

1189

1289

168.9
7041
589
%29

1455

181.4

193.1

185.6
680
83.4
817
8.4
648
405

464
409
60.0

555
39
252
32
63.4
695

1324
493

466
310
221
104.4
504
£
497
272

380
587
95
15.1
17.8
1.0
481
456
232
207
674
642
23
100.4
973
719
653
484
57
%5
247
100

o7
o7
08
06
18
20
05
06
08
08
59
25
11

09
07
60
05
08
28
1.4
27
25
12
04

06
04
04
06
08
05
05
04
06
06
04
07
09
05
05
04
05
04
02
03
o1

02
04
04
09
07
05
03
04

-05
11
03

24
13
08
10
01
17
26
10

09

07
17
08
08
09
08
06

05

o7
10
o7
06
05
04
04
041
03
04
06
o7
03
05
04
12
08
06
06
07

+

03
02
02
02
24
06
14
04
1.1
01
34
18
02

06
03
38
14
02
05
o7
o7
09
09
16

02
041
01
01
03
02
01
01
03
01
01
o1
o1
01
o1
01
o1
o1
01
o1
o1
01
o1
02
02
01
02
02
02

30
03
35

19
03
02
05
04
38
1.3
03

03
07
08
01
01
04
23
02

01

02
04
01
03
01
o1
02
03
01
01
o1
02
02
o1
01
03
o1
01
02
02

The knickpoint data in this table are for the tectonically induced knickpoints identified in each river. CA, catchment area; DFM, distance from mouth; DFD, distance from divide.

Above knickpoint

Kan

115.1
501
400
140
s
807
39
229
420
476

1100
749
609
828
208
8.1
%05

145.1
747
813
481

101.2
U6
382
481

17.2
200
482
98
266
458
61
249
68
226
534
313
208
555
20
8
209
305
264
207
143

1.0
04
08
03
04
o7
05
02
08
09
05
06
12
1.1
06
04
05
05
03
05
04
06
05
o7
05

24
02
13
06
08
15
04
05
09
03
00
14
04
06
05
07
02
09
12
08
o7

+

04
02
03
03
02
03
02
03
04
05
o1
o1
02
03
02
o1
o1
o1
02
01
o1
o1
03
02
o1

158
11
34
03
04
04
18
03
03
02
04
09
04
02
03
02
04
04
03
o1
05

Ken ratio

04
16
13
37
16
06
a7
24
28
25
16
14
17

29
14
18
12
16
24
28
25
17
22
11

04
05
08
49
05
13
02
o7
o1
03
25
16
15
08
10
05
35
19
13
1.7
19
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