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The relationship between normal fault displacement (D) and length (L) varies due to numerous factors, including fault size, maturity, basin tectonic history, and host rock lithology. Understanding how fault D and L relate is useful, given related scaling laws are often used to help refine interpretations of often incomplete, subsurface datasets, which has implications for hydrocarbon and low-carbon energy applications. Here we provide a review of D/L scaling laws for normal faults, discuss factors that could influence these relationships, including both geological factors and errors in measurement, and provide a critique of previously published D/L databases. We then present our newly assembled database of 4059 normal faults from 66 sources that include explicit information on: 1) fault length and displacement, 2) host rock lithology, 3) host basin tectonic history, and 4) maturity, as well as fault D and L through time when these data are available. We find an overall scaling law of D = 0.3L0.92, which is similar to previously published scaling equations and that varies in response to the aforementioned geological factors. Our data show that small faults (<1 m length) tend to be over-displaced compared to larger faults, active faults tend to be under-displaced compared to inactive faults, and faults with stiffer host rock lithologies, like igneous and carbonate rocks, tend to be under-displaced with respect to faults within softer, more compliant host rocks, like clastic sedimentary rocks. Our dynamic D/L through time data show that faults follow the hybrid fault growth model, i.e., they initially lengthen, during which time they will appear under-displaced, before accumulating displacement. To the best of our knowledge, this is the first comprehensive, integrated, critical study of D/L scaling laws for normal faults and the factors influencing their growth. These revised relationships can now be utilized for predicting fault length or displacement when only one variable is available and provide the basis for general understanding D/L scaling laws in the context of normal fault growth. This underpinning database is open-access and is available for analysis and manipulation by the broader structural geology community.
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1 INTRODUCTION
The relationship between normal fault displacement (D) and length (L) has been widely researched over several decades (e.g., Walsh and Watterson 1988; Cowie and Scholz 1992a; Dawers et al., 1993; Clark and Cox, 1996; Schultz and Fossen, 2002; Kim and Sanderson, 2005; Xu et al., 2006; Schultz et al., 2008; Torabi and Berg, 2011). The empirical relationship between D and L is often described by:
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The value n may range from 0.5 to 2.0 (n = 0.5, Fossen and Hesthammer, 1998; n = 1, Cowie and Scholz, 1992a; Dawers et al., 1993; Scholz et al., 1993; Clark and Cox, 1996; Schlische et al., 1996; Kim and Sanderson, 2005; Xu et al., 2006; n = 1.5, Marrett and Allmendinger, 1991; Gillespie et al., 1992; n = 2, Watterson, 1986; Walsh and Watterson, 1988). N = 1 indicates a linear scaling law, which implies that faults of different sizes act similarly and n≠1 indicates a scale-dependent geometry (Kim and Sanderson, 2005; Schultz et al., 2008).
The value c (sometimes written as P or γ) is an expression of fault displacement and is hypothesized to be related to rock material properties such as shear strength and elasticity, as well as the driving stress; for example, as rock shear strength increases from a mudstone to a granite, c increases (Walsh and Watterson, 1988; Cowie and Scholz, 1992b; Gillespie et al., 1992; Ackermann et al., 2001; Kim and Sanderson, 2005; Schultz et al., 2008; Torabi and Berg, 2011). Reported values of c range from 0.0001 to 1 (Schultz et al., 2008; Torabi and Berg, 2011), although they typically fall between 0.001 and 0.1 (Schultz et al., 2008; Torabi and Berg, 2011). High values of c (i.e., c = 1) have been documented from strike-slip faults (MacMillan, 1975; Torabi and Berg, 2011).
This scaling relationship defined above has typically been used to: 1) assess the way in which normal faults form, with applications to geohazard analysis (Cowie and Scholz, 1992b), and 2) allow better prediction of fault dimensions, with applications to energy resource exploration and extraction, nuclear waste, and CO2 storage, which all rely on robust structural models that are commonly constructed from incomplete datasets (Torabi and Berg, 2011; Kolyukhin and Torabi, 2012). We may need to estimate L when only D (or vice versa) can be observed in an isolated field exposure or in a single 2D seismic reflection profile. For example, fault connectivity impacts fluid flow from source to reservoir, thus knowing how fault length might impact that, and how displacement may influence fault seal, is key when assessing the resource potential of a sedimentary basin.
When plotted in log-log space, the relationship between displacement and length appears strongly positively correlated across several orders of magnitude (see D/L plots in Walsh and Watterson, 1988; Cowie and Scholz, 1992a; Schlische et al., 1996; Kim and Sanderson, 2005; Torabi and Berg, 2011). However, the relationship between normal fault length and displacement is highly variable, and a one-size-fits all equation to describe D/L scaling is likely imprecise. Understanding how factors such as tectonic history, fault maturity, host rock lithology, and fault size effect D/L scaling, and using these observations to create bespoke D/L equations, will improve our ability to estimate either parameter.
D/L scaling relationships may not only describe the finite geometry of a normal fault, but they may also provide insights into how faults grow. For example, a linear relationship (i.e., n = 1) between D and L was used to justify a model of normal fault growth where faults accumulated displacement and length synchronously; this was originally referred to as the isolated fault model, but is now commonly referred to as the propagating fault model (e.g., Walsh and Watterson, 1988; Morley et al., 1990; Dawers et al., 1993; Cartwright et al., 1995; Manighetti et al., 2001; Walsh et al., 2003; Childs et al., 2017b; Rotevatn et al., 2019). It has also been suggested that asymmetric D/L fault profiles are showing that one fault tip is pinned and the other is propagating, which could justify a propagating fault model (Manighetti et al., 2001; Perrin et al., 2016).
Numerous studies have since challenged the notion that fault growth follows a linear trajectory in D-L scaling space and have instead argued that faults grow in accordance with the constant-length model, i.e., faults reach their near-final length rapidly and then accrue displacement without significant further tip propagation (e.g., Walsh et al., 2002, Walsh et al., 2003; Nicol et al., 2005, Nicol et al., 2017; Jackson and Rotevatn, 2013; Henstra et al., 2015; Fossen and Rotevatn, 2016; Hemelsdaël and Ford, 2016; Tvedt et al., 2016; Childs et al., 2017b; Rotevatn et al., 2019; Pan et al., 2021). Faults have also been shown to grow in accordance with the hybrid fault model; this combines the propagating and constant-length models, suggesting that faults grow in two distinct phases: 1) an initial phase (20%–30% of the faults life), when maximum fault length is reached by segment tip propagation and linkage and 10%–60% of displacement is accrued, 2) a second stage (the remaining 70%–80% of the faults life) when 40%–90% of displacement is accrued (Rotevatn et al., 2019). Some faults may also experience a stage of lateral tip-line retreat in the last ∼25% of their lives, where slip is concentrated along their central portions (Meyer et al., 2002; Morley 2002; Nicol et al., 2020; Lathrop et al., 2021).
It has been suggested that fault arrays grow in cyclical stages where faults alternate between quick lengthening stages and prolonged displacement stages (Pan et al., 2021). During the lengthening stage, faults grow via the constant-length model, lengthening quickly by linking with an adjacent fault, followed by a period of displacement without additional tip propagation. As rifts continue to develop, smaller faults in stress shadows (i.e., faults that are not optimally positioned to accommodate strain) become inactive as strain is partitioned and localised onto larger faults (Cowie and Scholz, 1992a; Gawthorpe & Leeder, 2000; Meyer et al., 2002; Pan et al., 2021). This pattern likely continues until extension stops in the area.
Global compilations of D/L data result in a range of scaling relationships with different values for both c and n. There are several possible reasons for this. First, these compilations may contain faults with errors in measurement of D and/or L, resulting in scaling laws that are not as reliable as we wish or need. Second, there has been little research into how D/L scaling relationships change for faults: 1) of different size, 2) forming in differing tectonic settings (i.e., if a fault forms due to the reactivation of an older structure, or whether it is newly formed in previously undeformed or only weakly deformed host rock), 3) forming in different host rock lithologies, and 4) that have been active for different lengths of time (i.e., fault maturity, which may relate to whether a fault is in a tectonically active area or not). It has been noted that these factors can cause high variability in global datasets (e.g., Cowie and Scholz, 1992a; Nicol et al., 2010; Rotevatn et al., 2019), but this variability has not yet been quantified (see Section 2). Finally, if faults really do grow via a constant-length or hybrid fault growth model, D/L ratios will vary greatly throughout the life of a fault, and thus D/L ratios from faults of different stages in their development are less meaningful, and a compilation of dynamic D/L data will more accurately show how faults grow than a single measurement taken: 1) at the end of a fault’s life, once it has become inactive, or 2) as a snapshot at a specific, possibly unknown time in the fault’s development.
It is clear there are numerous factors that may cause variability in the important, widely used relationship between normal fault displacement and length. In this paper we look closely at these two parameters, isolating various factors that could affect the relationship between the two, and proposing improved scaling laws for specific geological setting. We first summarise and discuss inconsistencies in previous compilations of D and L, critically quality checking the included data. We next provide a new open-source normal fault database that includes factors such as fault maturity, tectonic history, and host rock lithology, which previous work suggests may be important to consider when establishing and ultimately applying D/L relationships. We also compile data on normal fault D and L through time (i.e., from structures flanked by growth strata that permit displacement and length backstripping; Meyer et al., 2002; Tvedt et al., 2016; Jackson et al., 2017; Lathrop et al., 2021; Pan et al., 2021, physical analogue studies; Schlagenhauf et al., 2008; and numerical modelling studies; Finch and Gawthorpe, 2017) to show how faults may grow and how D/L ratios may change through time. Finally, we interrogate our new database and discuss how fault size, host rock lithology, regional tectonic history, and fault maturity affect fault growth and D/L scaling. Our new database of normal fault properties demonstrates that one-size-fits-all scaling relationships are overly simplistic and that D/L scaling relationships should not be used indiscriminately.
2 HOW MIGHT GEOLOGICAL FACTORS AND MEASUREMENT ERRORS INFLUENCE SCALING LAWS?
There are a range of geologic phenomena that can cause normal faults to be over or under-displaced, and that are known to influence D/L scaling laws. Several common errors in measurement can also influence D/L scaling laws. We briefly outline these and illustrate how the related data would theoretically plot in D/L scaling space (Figure 1), before highlighting measurement errors in published datasets.
[image: Figure 1]FIGURE 1 | Schematic showing how errors in measurement and data from structures other than normal faults that can affect D/L scaling in log-log and linear space. Dots signify observed values and one-sided error bars delineate where the observed value should be.
2.1 Geological Factors
Different geological phenomena could affect the relationship between fault length and displacement. Tectonic setting is said to affect the relationship between D and L (Cowie and Scholz, 1992a). Specifically, reactivated faults can establish their maximum length more quickly than non-reactivated faults, which means reactivated normal faults may have a relatively low D/L ratio, at least in the early stages of their growth (Walsh et al., 2002; Vétel et al., 2005; Baudon and Cartwright, 2008; Giba et al., 2012; Whipp et al., 2014).
The amount of time that a fault has been active can also affect D/L scaling. For example, Mouslopoulou et al. (2009) note that fault displacement rates vary through time, especially for “young” faults (<20 Kyr), which can result in ∼an order-of-magnitude scatter in D/L scaling. Nicol et al. (2010) demonstrate that active faults are under-displaced in the early stages of their growth, with the D/L ratio increasing with time (i.e., the constant-length fault model, e.g., Walsh et al., 2002; Walsh et al., 2003; Nicol et al., 2005; Nicol et al., 2010; Nicol et al., 2017; Rotevatn et al., 2019).
Host rock lithology can change the D/L ratio of a fault, with host rock lithology linked to shear modulus and Young’s Modulus. Walsh and Watterson (1988, 1989), Cowie and Scholz (1992b) and Wibberley et al. (1999) compare D/L scaling and host rock shear modulus, showing that stiffer lithologies (i.e., high shear modulus) are under-displaced compared to softer lithologies (i.e., low shear modulus). Agreeing with this, Gudmundsson. (2004) notes that faults with a low Young’s Modulus and D/L are inversely related, i.e., faults within softer and/or more deformed host rocks have a lower Young’s Modulus and higher D/L ratios (over-displaced), whereas faults within stiffer host rocks have a higher Young’s Modulus and lower D/L ratios (under-displaced). Several studies have also shown that mechanical stratigraphy can affect D/L scaling (Muraoka and Kamata, 1983; Nicol et al., 1996; Gross et al., 1997; Schultz and Fossen, 2002; Soliva et al., 2006; Roche et al., 2013, 2014). For example, faults can be stratigraphically confined within stiffer layers, with bounding softer or more compliant layers preventing faults from propagating vertically (but not laterally), and thus causing them to be under-displaced (Schultz and Fossen, 2002).
Fault size could also affect D/L scaling, although there is some disagreement as to precisely how. For example, Schlische et al. (1996) did not find a relationship between D/L and fault size, although in contrast, Cowie and Scholz (1992a) found that large faults (>1 km of displacement) are over-displaced compared to smaller faults, whereas Torabi and Berg (2011) noted that small faults (<1 m of displacement) and large faults (>1 km of displacement) have higher D/L ratios than medium faults (those with displacement between 1 m and 1 km).
When faults have along-fault changes in dip (i.e., fault dip changes in cross-section), strain, typically in the form of folding, is partitioned onto bends; this may cause faults to appear either over or under-displaced. According to estimates by Delogkos et al. (2020), fault bends can cause throw to be under-estimated by approximately 10%, and up to 50% in extreme cases. Related to this, fault drag can reduce the amount of displacement measured on a normal fault, especially on large faults (Walsh and Watterson, 1987; Gross et al., 1997; Kim and Sanderson, 2005; Childs et al., 2017a; Delogkos et al., 2017). Delogkos et al. (2017) noted that fault drag accounted for up to ∼24% of the total throw on faults with throws between 35 and 550 m.
Igneous sill emplacement can also modify D/L scaling. For example, the inflation of an igneous sill within the hangingwall of a pre-existing normal fault can cause reverse reactivation of the fault, causing a decrease in fault displacement and in the ratio between D and L. As a result, the fault geometry and related scaling relationship may not reflect the fault’s growth history (Norcliffe et al., 2021).
The growth of normal faults by linkage of segments can also cause faults to have multiple, smaller displacement maxima, instead of a single, large maximum displacement value. This can cause the faults to appear under-displaced (e.g., Peacock and Sanderson, 1991; Gillespie et al., 1992; Cartwright et al., 1995; Dawers et al., 1993; Acocella et al., 2000; Xu et al., 2006; Faure Walker et al., 2009).
Low-angle normal faults and listric faults with a low angle (dips between 20 and 30°) can have higher D values than standard normal faults due to their geometries (Morley, 2009; Madarieta-Txurruka et al., 2021). This could skew D/L scaling laws. Typically, this information is not reported, and we encourage future researchers to provide this information for future analysis.
2.2 Measurement Errors
In addition to the geological factors outlined above, the relationship between displacement and length could be affected by precisely where on a fault surface these values are measured, i.e., it is possible that the true maximum length and displacement have not been recorded (Kim and Sanderson, 2005; Torabi et al., 2019). Maximum displacement is typically located near the fault centre, however an arbitrary section of the fault exposed in outcrop may not pass through the centre, which is referred to as the “cutting effect” (Kim and Sanderson, 2005).
If fault offset is measured as throw instead of displacement and is then included in a D/L database without knowledge of fault dip, the D/L ratio would be inaccurate (Figure 1). This does not greatly alter the position of a data point on a D-L plot (Figure 1), but it could affect the derived scaling equations.
D/L ratios can be skewed if different types of faults are plotted together. For example, strike-slip faults tend to be over-displaced compared to normal faults, with D/L ratios being as high as 1:1, whereas normal faults have a maximum ratio of 1:2 (Kim and Sanderson, 2005; Torabi and Berg, 2011), so this could skew normal fault scaling laws towards being more over-displaced (Figure 1). The higher D/L ratios in this case are possibly due to fault length being measured parallel to slip direction, whereas fault length should be measured perpendicular to dip for a pure dip-slip normal fault (Kim and Sanderson, 2005; Torabi and Berg, 2011). It is also possible that oblique-slip faults could be included in a normal fault database, which could have a lower D than purely dip-slip normal faults.
Displacement and length relationships measured from individual earthquakes scale differently to those derived from faults, i.e., the average slip to rupture length scaling relationship for individual earthquake events is D = 5 × 10−5L (Wells and Coppersmith, 1994; Iezzi et al., 2018; Figure 1), thus data from individual earthquakes should not be added to D-L scaling databases. D-L data derived from individual earthquakes record only the length dimension of the slip patch and the magnitude of slip.
Deformation bands are mechanically different than tectonic faults; deformation bands experience strain hardening after formation due to grain interlocking, with strain then tending to localize elsewhere and form new bands instead of increasing displacement on existing bands (Fossen and Rotevatn, 2012). This causes deformation bands to be under-displaced compared to tectonic faults, usually having a value of n = 0.05. Inclusion of deformation bands in D/L scaling databases would thus skew D/L scaling relationships (Wibberley et al., 2000b; Schulz et al., 2008; Fossen and Rotevatn, 2012; Figure 1).
There is also error associated with D/L measurements obtained from normal faults imaged in 3D seismic reflection data. For example, length could be underestimated by a few hundred meters to a few kilometres, depending on fault size, due to the displacement near the fault tips being under seismic resolution (Yielding et al., 1996; Pickering et al., 1997; Rotevatn and Fossen, 2011). If fault displacement is measured in time- (rather than depth-) migrated seismic reflection data, a good knowledge of subsurface velocities is needed to accurately convert values of displacement in milliseconds two-way time (ms TWT) to metres. If these velocity data are poor, there will be uncertainty around D, and the D/L ratio may accordingly be inaccurate, i.e., if the applied velocity is too high, displacement, and the D-L ratio, will be under-estimated. Compaction could also decrease throw values (up to 20% compaction according to Taylor et al., 2008; Figure 1), which can be an issue for deeply buried faults in compactable, mudstone-dominated host rock.
The measurement errors described above can visually skew plotted data and significantly change calculated D/L scaling laws. D/L scaling laws are undoubtedly important for attempting to estimate D from L (or vice-versa), but D/L plots are also important as they are often used to qualitatively check if a D/L relationship is strong or weak. These errors can skew D/L plots to different extents, depending on how the data are presented (Figure 1). The effects of errors such as measuring throw instead of displacement, the cutting effect, the impact of post-formation decompaction, and issues related to seismically imaging low-displacement fault tips, result in changes that are apparent in a graph not presented in log-log space (Figure 1A), but that make little difference in a log-log D/L graph (Figure 1B). Data in log-log space tend to “hide” fluctuations due to small measurement errors, as data will move very little and will still lie within the range of values in the global database. These errors in measurement could change D/L scaling laws, but unless the error is more than an order of magnitude than the correct value, it likely will not be seen in log-log space. However, when structures other than normal faults, such as strike-slip faults and deformation bands, or measurements from singular earthquake events are included in a database, they fall significantly outside the typical range of D/L values (Figure 1). While more error is visible in a plot not in log-log space, there is a bias towards larger faults if the plot spans several orders of magnitude, as only the largest faults are visible when faults of all sizes are included on one plot (see Figure 1).
3 ISSUES WITH PREVIOUS D/L DATABASES
Several highly cited D/L and throw/L databases have been complied in the past 35 years (Walsh and Watterson, 1988; Cowie and Scholz, 1992a; Schlische et al., 1996; Bailey et al., 2005; Torabi and Berg, 2011). Some of the data included in these contributions do not measure true D or L, despite these data being reused in newer compilations. As a result, D/L scaling laws could be affected. The way in which these data were presented, in non-digital format, plotted tightly in log-log space, made the data unobtainable and non-replicable. We here review these complications and suggest which data points could inaccurately skew D/L scaling laws and should not be included in future databases.
Walsh and Watterson (1988) was, to the best of our knowledge, the first contribution that compared the relationship between length (referred to as fault width) and displacement using a global compilation of faults. 308 normal faults from the British Coalfields were compared to a global dataset of 58 faults from 22 sources (Supplementary Table S1). In that paper, the relationship between fault length and displacement was described as D=L2/P, where P (equivalent to c) is a variable and related to rock properties, such as host rock shear modulus, (e.g., Cowie and Scholz, 1992b; Bailey et al., 2005; Kim and Sanderson, 2005; Nicol et al., 2020). They use the assumption that n = 2 because all their data was bounded by a slope of 2, despite their data having an overall regression line of n = 1.58 (Walsh and Watterson, 1988). An average best-fit equation was not given, so the average value of c is not known. Of the 22 sources included in their dataset, nine had included data where D or L was not explicitly given, which could have skewed their final D/L scaling law. For example, neither D and/or L were included in some of the original sources used by Walsh and Watterson (1988) (Teas, 1929; Babenroth and Strahler, 1945; Brunstrom, 1963; Mayuga, 1970; Huntoon, 1974; Van den Bark and Thomas, 1980; Aitkenhead, 1985). We note that Teas (1929) lists the measurement of the “closure around the fault,” which was likely included as displacement, and Huntoon (1974) does not explicitly state fault length and displacement. We therefore assume that Walsh and Watterson (1988) may have established fault length and displacement from a schematic map of the study area (see Figures 2, 3, 5, 6 in Huntoon, 1974). In some papers, D and/or L were given as a range rather than a single value (i.e., displacement ranges from 100 to 500 m; Shepherd and Burns, 1978; Frost and Halliday, 1980), and Walsh and Watterson (1988) may have picked a mid-point or maximum value of the range; this could possibly change the derived scaling relationship, making the data appear over or under-displaced, depending on what value was chosen. The data from Babenroth and Strahler (1945) and Huntoon (1974) were also originally given as throw and was included in the Walsh and Watterson (1988) dataset as displacement, which could make the faults look slightly under-displaced; throw data could be converted to displacement if the fault dip is known or assumed, however this is not discussed in their methodology. It is also entirely possible that correct fault length and displacement values were given to Walsh and Watterson (1988), via personal correspondence with the authors, however that was not included in the methodology or indicated by an in-text citation.
[image: Figure 2]FIGURE 2 | Plots showing fault length vs. displacement for all data in our database. (A) Data in log-log space. (B) Data in linear space.
[image: Figure 3]FIGURE 3 | Density estimates of the D/L value of small, medium, and large faults in our dataset. Peaks in the density plot are at the D/L values with the highest probability.
Cowie and Scholz (1992a) subsequently compared D/L relationships of ∼210 faults compiled from nine different sources, one of which overlaps with the sources used in Walsh & Watterson (1988; Supplementary Table S1). Their data suggest a linear D/L scaling relationship (n = 1) (Cowie and Scholz, 1992a), which would suggest an equation of D=cL. Average values of c are not given. They note that large faults (defined as faults longer than 1 km) have a higher D/L ratio, possibly since faults that cut through the brittle upper crust (usually faults with L > 10 km) have a higher displacement (Cowie and Scholz, 1992a).
Cowie and Scholz (1992a) included normal faults, as well as thrust (Elliot, 1976), and strike-slip faults (MacMillan, 1975; Peacock, 1991) in their analysis. This was not an error as it was the intention of the paper, however grouping different types of faults together could skew D/L ratios. Additionally, neither D nor L data was presented in the data from Krantz (1988) (which contributed ∼12 of ∼210 data points) so we cannot be sure where, geologically speaking, these values were obtained from or how robust they are. Again, it is possible that the correct fault length and displacement values were obtained via personal correspondence.
Schlische et al. (1996) compared 201 normal faults from the Dan River Basin, USA to a global database of 346 faults from 11 sources, nine of which overlap with the earlier Walsh and Watterson (1988) and Cowie and Scholz (1992a) compilations (Supplementary Table S1). One of the key aims of this paper was to compare the D/L relationship of small (L <1.25 m) and larger faults. They found that D/L did not vary as a function of fault size. Of the faults in their global compilation, 174 were strike-slip faults from two different sources, and 172 were normal faults from 11 different sources (Supplementary Table S1). They note a broadly linear relationship between D and L (n = 1), with c values between 0.001 and 1; some of the variability in c could be due to the inclusion of strike-slip faults in the dataset, which typically have a higher D/L ratio than normal faults (Kim and Sanderson, 2005). The best fit curve through the compiled data is arithmetically defined by D = 0.03L1.06, with the authors noting that there is no significant change in the D/L scaling relation across many orders of magnitude.
Bailey et al. (2005) compared throw-length (rather than displacement-length) relationships of their 7862 normal faults from the East Pennine Coalfield, UK to a global dataset of 1756 faults from 46 different sources, 22 of which overlap with Walsh and Watterson (1988), Cowie and Scholz (1992a), or Schlische et al. (1996) (Supplementary Table S1). Of the 46 sources used, 29 had potential errors in measurement, included data that was not from normal faults, or were from a source that was not publicly available; together, these issues could have affected the derived D/L scaling law. For example, length and/or displacement/throw are not listed in the original sources of several datasets (Beck, 1929; Teas, 1929; Babenroth and Strahler, 1945; Brunstrom, 1963; Woodland and Evans, 1964; Wood et al., 1969; Mayuga, 1970; Huntoon, 1974; Van den Bark and Thomas, 1980; Aitkenhead, 1985; Gillespie et al., 1993). For example, Beck (1929) only had displacement shown in a schematic cross-section, Krantz (1988) only measured slip vector direction, Gillespie et al. (1993) measured fault spacing, and Gross et al. (1997) measured maximum dip separation, yet all these values were included as throw. Thrusts were included in the compilation (Fox, 1959; Elliott, 1976; Rowan, 1997), as well as strike-slip faults (Freund, 1970; MacMillan, 1975; Peacock, 1991). Data from unpublished (and still publicly inaccessible) theses were also included (MacMillan, 1975; Gillespie, 1991), as were data from individual earthquakes (Jackson et al., 1996). Some faults had either displacement or length listed as a range of values instead of a single measurement (see Figure 1) (Shepherd and Burns, 1978; Frost and Halliday, 1980). There were also some duplicate data, where the same faults were studied in two separate papers and both were included; note that this does not visually affect the data plot but can influence scaling relationship calculations (Dawers et al., 1993; Dawers and Anders, 1995). Deformation bands were also included as faults (Fossen and Hesthammer, 1998), with these structures having displacements up to two orders-of-magnitude smaller than tectonic faults of the same length. Several sources measured fault displacement in their original sources (Muroaka and Kamata, 1983; Walsh and Watterson, 1988; Opheim and Gudmundsson, 1989; Marrett and Allmendinger, 1991; Dawers et al., 1993; Nicol et al., 1996; Schlische et al., 1996), but were included in Bailey et al. (2005) as throw. Despite these issues, the data compiled by Bailey et al. (2005) has been used in several subsequent papers (Nicol et al., 2010, 2017; Reilly et al., 2017; Rotevatn et al., 2019; Bramham et al., 2021).
To the best of our knowledge, the most recent compilation of D and L is by Torabi and Berg (2011), who studied faults in siliciclastic rocks from 27 sources, 16 of which have overlap with Walsh and Watterson (1988), Cowie and Scholz (1992a), Schlische et al., 1996, or Bailey et al. (2005) (Supplementary Table S1). The total number of faults they include is unclear, as the data is very tightly spaced in the presented scatterplot and the raw data are not available for analysis. However, in the text they state these data are for normal faults from 22 sources, reverse faults from four sources, and strike-slip faults from three sources (some sources had more than one type of fault; Supplementary Table S1). Torabi and Berg (2011) consider the potential causes of scatter in the data, such as the underestimation of the frequency of small faults (truncation effect), and the under-estimation of the frequency of long faults due to sample line limitations (censoring effect). They found that small faults (L<1 m) and large faults (L>1 km) have a similar D/L ratio, and that medium-sized faults (L = 1–1,000 m) tend to be comparatively under-displaced (Torabi and Berg, 2011). They suggest this difference arises because medium-sized faults are still growing by segment linkage, and that their D/L ratio will eventually match that of larger faults as they mature (Torabi and Berg, 2011). They also found that strike-slip faults are over-displaced compared to normal and reverse faults, and that cataclastic deformation bands are under-displaced compared to faults (Torabi and Berg, 2011). Length and/or displacement was also not listed in the original sources of several datapoints (Krantz, 1988; Gillespie et al., 1993. Vertical offset (i.e., throw) was measured in Villemin and Sunwoo (1987), which would vary slightly from displacement.
4 METHODOLOGY
Our D/L database includes 4,059 normal faults from 66 sources (Supplementary Table S2), ranging in length from 10 mm to 245 km, in age from the Carboniferous to presently active faults, and in duration of activity from faults that were active for >100 Myr to those that have been active for <1 Myr, and includes natural faults and those generated by physical and numerical models (Supplementary Table S2). Maximum length and maximum displacement are noted in our database, along with fault host rock lithology, fault maturity, and tectonic history when the information is available. We focused on these parameters because they are known to affect fault growth (e.g., Cowie and Scholz, 1992a; Torabi and Berg, 2011), and they provide a relatively easy and replicable way of characterizing and comparing faults. All the data are provided in raw format and are publicly available, such that the wider geologic community can easily access, analyze, and add to. We created what was to our knowledge at the time of the submission of this manuscript, all of the normal fault data that could be found, however it is likely that additional data exists that we did not include, and additional sources will continue to become available in the future.
When displacement and length were not explicitly stated in the original sources, we used data acquisition software (Quintessa Graph Grabber; https://www.quintessa.org/software/downloads-and-demos/graph-grabber-2.0.2) to pick the displacement and length from graphs. This yields a certain level of error, especially when taking values from a graph in log-log space, because: 1) several overlapping data points may only yield one datapoint; and 2) there is some minor imprecision on where the extracted data lie on the X (length) and Y (displacement) axis, which in a log-log plot could be moderately significant (see Figure 1).
To be included, faults had to be normal (i.e., extensional) faults dominated by dip-slip kinematics; reverse and strike-slip faults were not included. All of the included faults were reported to be purely dip-slip in their original sources; however the results could be skewed if the faults did have an oblique slip component. Fault length is defined as ‘the longest horizontal or sub-horizontal dimension along the fault plane, perpendicular to slip direction (Watterson, 1986; Kim and Sanderson, 2005). Fault displacement describes the movement between two fault blocks, calculated by measuring an offset marker bed separated by a fault (Walsh and Watterson, 1988; Xu et al., 2006). Displacement should be measured at its maximum point on the fault. If throw was listed in the original source, it was converted to displacement using the listed fault dip, or an average 55° when fault dip was not explicitly stated. An average dip of 55° is used because normal fault dip tends to range between 40 and 70°. All data are from geologic faults and not individual earthquakes. Faults have been sorted and analyzed by size. We use length as a measure of fault size, defining three classes: small (<1 m), medium (1 m−1 km), and large (>1 km) (see also Torabi and Berg, 2011).
Since host rock lithology might influence scaling laws, we sorted D/L data into the following groupings: clastic (fine-grained sand and coarser), fine-grained clastic (siltstone and finer), carbonate (specifically a carbonate “coarser” than lime-mud), fine-grained carbonate (e.g., lime mud), mixed carbonate-clastic, evaporite-bearing sedimentary rocks, igneous, igneous with clastic, and unlithified sand. Faults with metamorphic host rocks have been included in the database, however there were not enough to calculate meaningful statistics, so they were not included in our analysis. Information on host rock lithology could not be found for every fault, and it is only included in the database when explicitly listed by the author or found in another source documenting the same basin. Faults often offset a variety of host rock lithologies, especially for large faults, but they were categorized by the dominant lithology (i.e., over c. 50%). “Carbonate” host rocks are those with >50% carbonate material that is coarser than lime-mud. Faults with host rocks classified as “clastic sedimentary” have host rocks whose lithologies are >50% clastic sedimentary rock, with sand-sized or coarser grains. Faults with host rocks classified as sedimentary with evaporites have host rocks whose lithologies are sedimentary rocks in areas with evaporites; not every fault is necessarily physically linked to an evaporite detachment. Faults with host rocks classified as “fine-grained clastic” have host rocks whose lithologies are >50% clastic sedimentary rock with silt-sized or smaller grain sizes. Faults in rocks classified as “fine-grained carbonate” have host rocks whose lithologies are >50% carbonate rock with fine-grained lithologies, such as lime-muds. Faults in rocks classified as “mixed carbonate and clastic” have host rocks whose lithologies are roughly 50:50 clastic and carbonate. Faults with host rocks classified as “unlithified” were formed in unlithified sediment at the time of active faulting. Faults with host rocks classified as “igneous” have igneous host rocks. Faults in rocks classified as “sedimentary with igneous” have both sedimentary and igneous host rocks. Faults in metamorphic host rocks were included in the overall dataset, however, there were not enough of them to be statistically significant, so they are not separated in their own sub-group. To compare the relationship between D/L to lithology and Young’s Modulus, we compiled a list of known Young Modulus for different lithologies from published sources to find a range of possible values and average value for each lithology; these data can be downloaded here https://figshare.com/articles/dataset/Young_s_Modulus/17087342.
Faults were also classified based on tectonic history to assess how end-member tectonic histories might affect their length and displacement. More specifically, we categorized them as reactivated and no pre-existing structures; the former are from areas where faults clearly reactivated structures that after a period of quiescence, became active again. These faults may have formed in response to the reactivation of structures that previously experienced extensional, compressive, strike-slip deformation, or a combination of these, before being reactivated as normal faults. Faults categorized as having no pre-existing structures are from areas thought to have not experienced significant earlier deformation. Information on tectonic history is not always available, so not every fault is categorized this way.
Faults were classified as active and inactive; this allowed us to assess whether active faults show different length and displacement relationships compared to inactive (i.e., dead) faults. Faults categorised as active are from study areas where faults are currently active in tectonically deforming regions, although every fault might not necessarily be active. Faults categorised as inactive are from areas that are not tectonically active, i.e., inactive rifts now buried and imaged in seismic reflection data or exposed in the field in exhumed basins. This information is not available for every fault in the database, so not every fault is included in this categorization. Care must be taken with these data because it is possible for an active fault to have been active for a long period of time and thus be over-displaced compared to an inactive fault that became inactive prematurely due to the removal of the driving stress. Additionally, faults displacement measurements could be affected by climate and erosion, especially faults that have been inactive for a long period of time.
We stress that care must be taken when evaluating how these factors affect D/L scaling relationships as it might be difficult or impossible to isolate the role of each. For example, if a large fault is newly active, has an igneous host rock, and formed due to reactivation of a pre-existing structure, it may be difficult or impossible to determine which factors has the most influence on its D/L ratio.
For each subcategory, we present the data in four ways: 1) in log-log space—even though data can visually “hide” in log-log space (Rotevatn et al., 2019), they allowed us to view all data in one plot where all orders of magnitude can be seen together 2) in non-log-log space, with data shown all together in one graph spanning all orders of magnitude—this allowed us to show overall D/L average trendlines, even though smaller faults cannot be visualised, 3) non-log-log space, grouped by order-of-magnitude so that all of the data can be seen more clearly (Supplementary Figures S1–3), 4) and in a probability density plot. Probability density plots calculated the probability density of D/L values in the each of the different aforementioned categories. We used a kernel density estimation (KDE), which is a non-parametric method of estimating the probability density of a function of a random value, in this case D/L. The height of each plot (y-axis) corresponds to the probability density of the data at a given value of D/L (x-axis). The peaks of the density plot are at the D/L values with the highest probability. A log-log linear model (linear regression) was conducted to calculate a scaling law relationship of the entire dataset, as well as each sub-category (i.e., fault size, tectonic history, fault maturity, host rock lithology). Power law relationships were used because that is the standard in the literature when relating fault displacement and length, and because it tended to fit the data best. When describing faults throughout the paper, we refer to faults as over-displaced if D/L>0.1 and under-displaced if D/L<0.01.
5 RESULTS
In our database, faults are 0.011–344,800 m long (Figure 2) and have a power-law trendline of Dmax = 0.03L0.92±0.01 (i.e., n = 0.92±0.01 and c = 0.03; Table 1). Our value of n is thus broadly consistent with the estimate of Cowie and Scholz (1992a) and others (n = 1) for normal faults. However, there is a large amount of scatter in our data, with displacements for a given fault length ranging across 1.5–4 orders of magnitude (Figure 2). In this section we investigate how D/L relationships are affected by fault size, maturity, tectonic history, and host rock lithology. We also look at examples of how D and L (and their related scaling relationship) change through time, assessing how this relates to the D/L global database, which is based on finite (i.e., present) fault geometry.
TABLE 1 | Table listing of all the results for each of the studied categories, including number of faults, number of sources, power-law equation that can be used to estimate fault length or displacement, and the R-squared for that equation.
[image: Table 1]5.1 Size
A total of 395 small faults were included from 11 different sources, 3246 medium faults were included from 48 sources, and 394 large faults were included from 35 sources (seen in Figure 2). The dataset includes small faults from areas such as the High Atlas, Morocco and the Dan River Rift, USA, medium faults from areas such as the Pyrenees and Utah, USA, and large faults from areas such as the Levant Basin, offshore Lebanon, and the North Sea, offshore Norway. Our data show that small faults have a higher D/L ratio, with a power-law trendline indicating Dmax = 0.04L0.97± 0.02, n = 0.97± 0.02 and c = 0.04; Table 1; Figure 2). Medium and large faults have similar power-law trendlines of Dmax = 0.03L0.94± 0.01 and Dmax = 0.001L1.3± 0.01, respectively, n = 0.94± 0.01 and c = 0.03 for medium faults and n = 1.3± 0.11 and c = 0.001 for large faults (Table 1). However, the values of n of small and medium faults are within the same confidence interval (Table 1).
There is a significant amount of scatter in the relationship between D and L, especially for larger faults (i.e., 3–4 orders of magnitude; Figure 2). For example, faults that are 10,000 m (±200 m) long have displacements ranging from 4 to 999 m, with a standard deviation of 303 m. In contrast, medium faults only vary by 1–2 orders of magnitude (Figure 2). For example, faults that are 50 m (±1 m) long have displacements ranging between 0.3 and 7 m, with a standard deviation of 1.6 m. Small faults have the least amount of scatter, with displacements that vary by only 1–1.5 orders of magnitude (Figure 2). For example, faults that are 0.1 ± 0.05 m long have displacements between 0.002 and 0.01 m, with a standard deviation of 0.003 m.
Medium and large faults plot similarly in a probability density plots (Figure 3); there is a ∼24% probability and ∼23% probability, respectively, of a D/L value of ∼0.02, i.e., medium to large faults in the dataset are most likely to have a displacement that is ∼2% of fault length. More small faults in the dataset were over-displaced compared to medium and large faults; small faults have a ∼15% probability of a D/L value of ∼0.035, i.e., small faults in this dataset are most likely to have a displacement that is ∼3.5% of fault length (Figure 3). The shape of the distribution of small faults is relatively long-tailed, meaning that there are more small faults with a higher D/L value than medium or large faults.
5.2 Maturity
1959 active faults from 27 sources were included, ranging in size from 0.3 m to 345 km in length, with data from areas such as Crete, the Apennines, Italy, and the Turkana Rift, Kenya (Figure 4). A total of 2059 inactive faults were included from 38 sources, ranging in size from 0.01 m to 123.4 km in length, with data from areas such as the Exmouth Plateau, offshore NW Australia, Horda Platform, offshore Norway, and the Levant Basin, offshore Lebanon (Figure 4).
[image: Figure 4]FIGURE 4 | Plots showing fault length vs. displacement for active and inactive normal faults in our database. (A) Data in log-log space. (B) Data in linear space.
The active faults have a power-law trendline of Dmax = 0.03L0.90± 0.01, which requires n = 0.90±0.02 and c = 0.03, whereas inactive faults have a trendline of Dmax = 0.05L0.93± 0.01, which requires n = 0.93±0.01 and c = 0.05 (Table 1). The confidence values of n for inactive and active faults overlap (Table 1). Inactive faults have a higher displacement/length ratio than active faults (Figures 4B, 5).
[image: Figure 5]FIGURE 5 | Density estimates of the D/L value of active and inactive faults in our dataset. Peaks in the density plot are at the D/L values with the highest probability.
According to the probability density plot (Figure 6), there is a ∼37% probability of active faults having a D/L value of ∼0.025, i.e., active faults are most likely to have a displacement that is 2.5% of length. Inactive faults have two probability peaks; there is ∼12% probability of a D/L value of 0.025 and ∼11% probability of a D/L value of 0.05, i.e., inactive faults are most like to have a displacement that is ∼2.5% or ∼5% of length. The density plot of inactive faults has a longer tail, which means that higher D/L values are more probable in inactive faults than active faults.
[image: Figure 6]FIGURE 6 | Plots showing fault length vs. displacement for reactivated and non-reactivated normal faults in our database. (A) Data in log-log space. (B) Data in linear space.
5.3 Tectonic History
1,620 reactivated faults from eight sources were included, ranging in size from 17 m to 123 km in length, with data from areas such as the Porcupine Basin, offshore Ireland and the North Malay Basin, Thailand (Figure 6). 265 faults with no pre-existing structures were taken from 15 sources from areas such as Canyonlands, Utah, USA and the East Pacific Rise (Figure 6). Faults range in size from 0.2 m to 54 km. The reactivated faults have a power-law trendline of Dmax = 0.03L0.92± 0.01, n = 0.96± 0.1 and c = 0.03, and the non-reactivated faults have a power-law trendline of Dmax = 0.04L0.87± 0.05, n = 0.87± 0.05 and c = 0.04 (Table 1). Reactivated faults have a higher D/L ratio on average than faults not forming in the presence of a pre-existing structure or structures (Figure 6B). This is unusual, given several authors have suggested that reactivated faults tend to be under-displaced (Walsh et al., 2002; Vétel et al., 2005). We discuss the possible reasons for this in Section 6.3.
In probability density plots (Figure 7), reactivated faults and faults with no pre-existing structures plot similarly; for reactivated faults and faults with no pre-existing structures, there is a ∼27% and ∼24% probability, respectively, of a D/L value of ∼0.025, i.e., both reactivated faults and faults with no pre-existing structures in this dataset are most likely to have a displacement that is ∼2.5% of length. The distribution of reactivated faults has a slightly longer tail, which means that there is a slightly higher probability of reactivated faults having a higher D/L value.
[image: Figure 7]FIGURE 7 | Density estimates of the D/L value of faults that have and have not been reactivated in our dataset. Peaks in the density plot are at the D/L values with the highest probability.
5.4 Lithology
A power-law trendline was calculated for each lithology sub-category, with n values ranging from 0.007 to 1.1 and c values from 0.79 to 1 (Table 1). The confidence intervals for n of faults in fine-grained carbonate, fine-grained clastic, mixed carbonate/clastic, and sedimentary with igneous rocks overlap and other host rocks do not (Table 1). Faults with clastic sedimentary and fine-grained clastic sedimentary host rocks tend to have a higher D/L ratio (i.e., they are over-displaced) compared to the other lithologies (Figure 8). Faults with igneous host rocks tend to have a lower D/L ratio compared to the other lithologies (Figure 8).
[image: Figure 8]FIGURE 8 | Plots showing fault length vs. displacement for normal faults with host rocks of different lithologies included in our dataset, including carbonate, clastic, evaporites, fine-grained carbonate, fine-grained clastic, mixed carbonate/clastic, unlithified sediments, igneous, and igneous/clastic. (A) Data in log-log space. (B) Data not in linear space.
According to density plots (Figure 9), clastic sedimentary rocks have the highest probability of high D/L values compared to the other lithologies, i.e., there is a ∼13% probability of a fault in a clastic host rock having a D/L value of ∼0.09, i.e., faults with clastic sedimentary host rocks in this dataset are most likely to have a displacement that is ∼9% of the fault length. Faults with igneous and clastic with igneous host rocks have a higher probability of low D/L values than other lithologies; for igneous and clastic with igneous host rocks, there is a ∼32% and ∼35% probability respectively of a D/L value of ∼0.01, i.e., faults with igneous or igneous/clastic host rocks are most likely to have a displacement that is ∼1% of length.
[image: Figure 9]FIGURE 9 | Density estimates of the D/L value of faults with host rocks of different lithologies included in our dataset, including carbonate, clastic, evaporites, fine-grained carbonate, fine-grained clastic, mixed carbonate/clastic, unlithified sediments, igneous, and igneous/clastic. Peaks in the density plot are at the D/L values with the highest probability.
5.5 D/L Through Time
37 faults from six different sources were included in a dynamic D-L through time dataset (Figure 10). 24 natural faults imaged in 3D seismic reflection data were included, with these faults being 1.9–42 km long. Six faults generated in physical analogue models and three from numerical models were also included. The D/L trajectories of these faults are shown against the global D/L database (Figure 10A) and in normalised D vs. time and L vs. time plots (Figure 10B).
[image: Figure 10]FIGURE 10 | Figures showing fault growth through time (with data extracted from Meyer et al., 2002; Schlagenhauf et al., 2008; Tvedt et al., 2016; Finch and Gawthorpe, 2017; Jackson et al., 2017; Lathrop et al., 2021; Pan et al., 2021). (A) Global D/L dataset (black) for normal faults in log-log space with D/L through time data in colour above it. (B) Displacement and length through time, normalised in green, average values in black.
There is a wide range of displacement trajectories in the studied faults. For example, in the first 25% of the faults’ lives, some faults had only accumulated only 6% of their (eventual) total displacement, whereas others had reached up to 75% of their final maximum displacement (Figure 10B). On average, faults accumulate displacement at a constant rate, although on a fault-to-fault basis there is more variability (Figure 10B). 26 of the 37 (70%) faults attain >75% of their maximum length within the first 25% of their lives, and 35 of 37 (95%) faults reach their lengths within the first half of their lives (Figure 10B). Faults then either maintain their maximum length or decrease in active trace length until they become inactive. On average, faults reach their maximum length within the first 30% of their lives and then decrease in length by 5%–10%. 23 of the 37 (62%) faults experience late-stage lateral tip retreat, where their tips become inactive in the later stages of the faults’ lives.
6 DISCUSSION
We here summarise some key observations regarding the relationship between normal fault D and L, and fault size, activity, tectonic history, and lithology, and then use specific, well-constrained case studies to indicate how the various parameters control fault growth and associated scaling relationships. We then discuss D/L changes through time, fault growth models, and the processes that control the upper limits of the D/L scaling relationship.
6.1 Size
There is little consensus in the literature on how fault size affects the relationship between D and L. Schlische et al. (1996) found no relationship between fault size and D/L ratio. In contrast, Cowie and Scholz (1992a) found that very large faults (>1 km) were over-displaced compared to smaller faults. Torabi and Berg (2011) showed that small faults (<1 m displacement) and large faults (>1 km displacement) have a higher displacement/length ratio than medium faults (between 1 m and 1 km), suggesting both small and large faults are over-displaced. They explained that the low D/L ratio of medium-sized faults is likely due to faults of this size being in the process of overlapping, interacting, and linking, i.e., they will eventually become larger and accrue more displacement (Torabi and Berg, 2011). However, the low D/L ratio of these faults could be due to sampling biases, i.e., there is a scarcity of published medium-sized faults included in their database.
Our results show that large and medium-sized faults have similar displacement/length ratios, but that small faults (<1 m) tend to be relatively over-displaced (Figure 3). Assuming a constant-length growth model (e.g., Walsh et al., 2002; Jackson et al., 2017; Rotevatn et al., 2019), faults reach their maximum length quickly and then accumulate displacement. Medium and large faults are active for a longer period, and under a constant-length model they are likely to have reached their maximum length and to be in some stage of displacement accrual and thus be under-displaced. Under-displaced medium-to-large faults could either be still active and in the displacement accrual stage or they could have become inactive before they reached their maximum displacement potential (e.g., due to kinematic interactions between faults, strain partitioning onto more optimally positioned faults). Small faults are active for a shorter period, so faults can lengthen and accumulate a relatively high amount of displacement and are less likely to become inactive before reaching their maximum possible displacement.
Duration of faulting may also explain scatter in the global D/L plot, i.e., the displacement on large faults, which presumably have been active for longer than small faults, span up to four orders of magnitude, whereas small faults only span 1–1.5 orders of magnitude (Figure 2). Scatter for large faults represents faults that have become inactive prematurely, and the lack of scatter for small faults may represent fault growth stages not detectable using, for example, seismic reflection data (e.g., Jackson et al., 2017; Rotevatn et al., 2019).
6.2 Maturity
Fault length and displacement accumulation tend to be strongly partitioned in time (Figure 10B) (e.g., Walsh et al., 2002; Tvedt et al., 2016; Rotevatn et al., 2019). Thus, if the maximum displacement had (in the case of an inactive fault) or has (in the case of a still-active fault) been measured part-way through a fault’s life rather than at the end, it would plot as under-displaced, assuming a constant-length growth model. When estimating fault scaling, it is important to keep in mind if the faults are active, and if so, how mature they are. However, there is still a huge amount of scatter among both active and inactive faults; inactive faults trend over-displaced compared to active faults (Figures 4, 5), however the scaling laws between inactive and active faults have n values with overlapping confidence intervals (Table 1). Faults can become inactive at any point in their maturity, for example dying pre-maturely with relatively low displacement, which could also add additional scatter.
We would expect that active faults tend to be younger and have been active for less time compared to inactive faults; they thereforecould be comparatively under-displaced. This aligns with our understanding of fault growth under a “constant length” or “hybrid growth” model (Walsh et al., 2002, 2003; Nicol et al., 2005, 2017; Jackson and Rotevatn, 2013; Henstra et al., 2015; Fossen and Rotevatn, 2016; Hemelsdaël and Ford, 2016; Tvedt et al., 2016; Childs et al., 2017b). Under a constant-length or hybrid growth model, faults reach their maximum length in the first 20%–30% (or less) of their life. Active faults could be generally under-displaced because they have reached their maximum length but are still accruing displacement, however the relationship is not clear (Table 1).
One example from the database of under-displaced, immature normal faults come from the Taupo Rift on the central North Island of New Zealand (Nicol et al., 2010; Figure 11A). Rifting began 1–2 Ma, with the studied faults having been active for 60 and 300 kyr. The area is tectonically active, and the faults accommodate 15 mm/yr of extension. The older faults, which have been active for 300 kyr, are 2.3–70.7 km long and have displacements ranging between 20.7 and 2,198 m. Dmax/L is between 0.002 and 0.06 (average 0.017) (Nicol et al., 2010; Figure 11A). In contrast, the younger faults, which have been active for only 60 kyr, are 487 m to 28.7 km long, have displacements ranging between 1 and 97.9 m, and a Dmax/L between 0.0009–0.01 (average 0.004) (Nicol et al., 2010; Figure 11A). It is often difficult to deduce whether a fault is under-displaced due to fault maturity or lithology (see Section 3); however, in the Taupo Rift case, given that these faults formed in the same host rock, it is likely these still-active faults are under-displaced solely due to fault maturity.
[image: Figure 11]FIGURE 11 | (A) Global D/L dataset (black) for normal faults in log-log space with faults of different maturities highlighted: 60 kyr faults from the Taupo Rift in orange and 300 kyr faults from the Taupo Rift in purple (from Nicol et al., 2010). (B) Global D/L dataset (black) for normal faults in log-log space with reactivated faults highlighted: faults from the Turkana Rift in pink (from Vétel et al., 2005) and the Mergui Basin in green (from Morley, 2017).
The Taupo Rift faults are under-displaced compared to a set of inactive faults of similar length from the Exmouth Plateau, offshore NW Australia (Pan et al., 2021). Faults on the Exmouth Plateau were active from the Early Jurassic-Early Cretaceous (85.5 kyr), are 307 m to 181.2 km long, and have displacements ranging between 18.2 and 857.6 m (Pan et al., 2021). Dmax/L is between 0.006–0.5 (average of 0.06). These faults grew in accordance with and support the constant-length model, reaching their final length in less than 7.2 myr (8% of their total lifespan) before accruing significant displacement (Pan et al., 2021).
6.3 Tectonic History
Faults that formed in response to the reactivation of a pre-existing structure tend to be slightly over-displaced compared to faults in areas that have no reported pre-existing faulting (Figures 6B, 7). Previous studies indicate reactivated faults tend to have a higher displacement to length ratio because the maximum length of the fault is generally established in the first phase of faulting (Vétel et al., 2005; Baudon and Cartwright, 2008). However, we believe that role the reactivation of older structures and thus pre-extensional tectonic history plays in controlling D/L ratios is strongly dependent on how long the fault has been active during its most recent deformation, since newly formed faults will tend to be under-displaced, according to both the constant-length and hybrid fault growth models (Rotevatn et al., 2019).
One example of reactivated normal faults is from the tectonically active Turkana Rift, Northern Kenya (Vétel et al., 2005; Figure 11B in pink). Faults here range from 208 m to 29.5 km long, have displacements ranging from 82.5 to 101 m, and have been active for <3 Myr (Vétel et al., 2005). Faults are thought to have reactivated Proterozoic basement faults, or possibly utilised basement metamorphic foliation, and the area currently extends with a strain rate of ∼0.1 mm/yr (Vétel et al., 2005). Fault arrays were able to reach relatively long lengths (∼40 km) in a relatively short period of time, despite these relatively low strain rates, likely due to them exploiting and activating pre-existing weaknesses (Vétel et al., 2005). The average D/L ratio is 0.007, (displacement is 0.7% of length). These faults are thus under-displaced, which is likely due to them having lengthened rapidly by exploiting intra-basement weaknesses; these faults are thus likely still at the beginning of their displacement accumulation stage.
An example of more mature, but still-active reactivated faults come from the Mergui Basin, Thailand (Morley, 2017; Figure 11B, in green), which unlike the Turkana Rift faults (Vétel et al., 2005) are relatively over-displaced. The area has a complicated tectonic history: the Mergui basin experienced Triassic-Early Jurassic and Early Cenozoic transtension, with the related strike-slip faults later reactivated as normal faults (Morley, 2017). These faults have been active since the Early Eocene to Late Miocene, are 20.9–123 km long, and have 458 m-21.8 km displacement (Morley, 2017). They are over-displaced, with a D/L average of 0.14 (displacement is 14% of length), with D/L ratios as high as 0.26. These faults are over-displaced because they were able to establish their maximum length quickly by exploiting and reactivating pre-existing weaknesses inherited from previous faulting, and then accommodate strain by accruing displacement. These faults are still-active, but are very mature (i.e., they have been active since the Early Eocene); as a result, they have been able to attain high D/L ratios.
In summary, reactivated faults are, on average, over-displaced (Figures 6, 7), and this should be considered when using D/L scaling laws to estimate faults length or displacement. However, we hypothesise that relatively young reactivated, still-active faults, such as the ones in the Turkana Rift (Vétel et al., 2005), could be under-displaced as they have reached maximum length quickly but are still accruing displacement. When assessing reactivated faults, it is important to consider how long the faults have been active.
6.4 Lithology
Host rock lithology can influence the relationship between fault length and displacement due to the stiffness of different lithologies, often described by host rock shear modulus (Walsh and Watterson, 1988; Walsh and Watterson, 1989; Cowie and Scholz, 1992a; Wibberley et al., 1999). In previous studies an inverse relationship between host rock shear modulus and D/L has been reported; faults in host rocks with a high shear modulus (stiffer rocks, for example, a granite) are under-displaced compared faults with a high shear modulus (softer rocks, for example, a mudstone) (Walsh and Watterson, 1988; Walsh and Watterson, 1989; Cowie and Scholz, 1992a; Wibberley et al., 1999; Gudmundsson, 2004; Childs et al., 2017a).
The stiffness of rocks relates to their elastic properties, also expressed by the Young’s Modulus and the Poisson ratio (Roche et al., 2013). Fault length and displacement have been related to rock stiffness in the following equation from crack models:
Where E is Young’s Modulus, ν is Poisson’s ratio, and Δτ is the shear stress driving the fault (Roche et al., 2014). Poisson ratio can fall between 0.05 and 0.4, although values usually range between 0.3 and 0.4 (Gercek, 2007). There is generally little variation in Poisson’s ratio between different lithologies, compared to Young’s Modulus (Gudmundsson, 2004). Young’s Modulus has a high amount of variation, ranging between 0.05 and 100 GPa (Roche et al., 2013). Fault displacement is inversely proportional to the Young’s modulus of the rock (Wibberly et al., 1999; Wibberly et al., 2000a; Gudmundsson, 2004) which suggests that stiffer rocks, such as igneous and metamorphic rocks, are more likely to be under-displaced than pyroclastic or sedimentary rocks. Factors such as increasing temperature, increasing porosity, and water content can decrease Young’s Modulus. Highly fractured rocks have a low Young’s Modulus; the breccia of a faults core has a low Young’s Modulus, like that of a weak clay or pyroclastic tuff (Gudmundsson, 2004).
The data compilation presented in this paper appears to reveal a relationship between the D/L ratio of normal faults and host rock lithology, with faults with a low Young’s Modulus tending to have a higher D/L ratio (i.e., they are over-displaced) (Figure 12). Evaporite-bearing sedimentary host rocks tend to be over-displaced compared to other lithologies, which could be due to the softness of the rocks making tip propagation difficult. Both evaporites and sedimentary rocks have a relatively low Young’s Modulus, with sedimentary rocks ranging between 0.04 and 67 GPa (24 GPa average; Figure 12) and evaporites ranging between 4 and 64 GPa (23 GPa average; Figure 12). Faults within either fine- and coarse-grained clastic host rocks, are also relatively over-displaced, with Young’s Modulus estimated between 0.04 and 36 GPa (14 GPa average; Figure 12) for fine-grained clastic sedimentary rocks, and 6–67 (25 GPa average) for sandstones and conglomerates (Figure 12). Faults in carbonates and mixed clastic/carbonates tend to lie in the middle of the various D/L trendlines, with carbonates having an estimated Young’s Modulus between 24 and 66 GPa (45 GPa average; Figure 12). Faults within igneous host rocks are significantly under-displaced (Figure 9B), which is possibly in part due to the stiffness of igneous rocks; igneous rocks have the highest estimated Young’s Modulus, between 5 and 99 GPa (49 GPa average; Figure 12).
[image: Figure 12]FIGURE 12 | Figure showing how the Young’s Modulus of different lithologies relates to D/L. The range of Young’s Modulus, average Young’s modulus, and average D/L for fault with host rocks of each lithology is shown. Generally, as Young’s Modulus increases, D/L decreases. Our Young’s Modulus data and sources can be accessed here: https://figshare.com/articles/dataset/Young_s_Modulus/17087342.
One example of under-displaced faults in host rocks with a high Young’s Modulus are in the East African Rift (Figure 13; Williams et al., 2021). Here, normal faults are forming in a metamorphic host rock. Fault ages are not well constrained, but they are estimated to be roughly Pliocene in age and they are demonstrably still active (Scholz et al., 2020). Faults are 13–130 km long and have displacements ranging from 122 m to 2.5 km. Dmax/L is very low, between 0.003–0.03 (average of 0.01), indicating the faults are relatively under-displaced (Williams et al., 2021). It should be noted that these faults are active, which as discussed in Section 2 could result in them being under-displaced. Additionally, some of the faults in the East African Rift have reacted foliation, making it ambiguous as to whether these faults being under-displaced are related to Young’s Modulus, fault maturity, reactivation, or a combination.
[image: Figure 13]FIGURE 13 | Global D/L dataset (black) for normal faults in log-log space with faults from different host rocks highlighted: metamorphic host rocks from the East African Rift (from Williams et al., 2021), layer-bound faults from the NW Barents Sea in red (from Alghuraybi et al., 2021), and igneous host rocks from Iceland (from Gudmundsson, 2004).
Another example of under-displaced normal faults within stiff host rocks come from an active rift zone in Iceland (Figure 13; Gudmundsson, 2004). The faults here are Holocene (<10,000 years old) and cut through basaltic pahoehoe lava flows with an estimated Young’s Modulus of 30–60 GPa, and possibly as high as 100 GPa. Faults range from 345 m to 9 km long and have displacements ranging from 1.3 to 33 m. Dmax/L is between 0.0009–0.01 (average of 0.004), meaning the faults are under-displaced (Gudmundsson, 2004). We expect the stiff host rock lithology has contributed to these faults being under-displaced; however, these are active faults, so according to a constant-length fault growth model, they have possibly reached their maximum length, but not yet their maximum displacement.
Differences in mechanical stratigraphy between lithological units can create vertical barriers that inhibit fault growth, which can cause faults to be under-displaced (Peacock and Sanderson, 1992; Wilkins and Gross, 2002; Welch et al., 2009; Roche et al., 2014). There is a relationship between rock stiffness and fault displacement gradient (i.e., the displacement variation per unit length across a fault), with these gradients tending to be higher in rock units with lower Young’s Modulus (Roche et al., 2014). Mechanical stratigraphy can restrict faults from propagating vertically, causing faults to have a high aspect ratio (fault height/length; height is the fault dimension along dip) (Nicol et al., 1996; Schultz and Fossen, 2002; Soliva et al., 2006; Roche et al., 2013; Alghuraybi et al., 2021). In a numerical modelling analogue study by Roche et al. (2013), aspect ratios for faults in homogeneous rock properties not bounded by mechanical stratigraphy are typically >2, whereas aspect ratios of faults in limestone-clay sequences are, on average, 13, and even as high as 50 (Roche et al., 2013). However, no aspect ratios >20 have been reported in natural studies (Torabi et al., 2019). If faults have a high aspect (height-length) ratio, it stands that they would likely also have a high displacement-length ratio. However, this is likely only applicable to relatively small faults, or possibly large faults cutting through thick layers (e.g., a fault with 1 m of displacement offsetting a 20 cm-thick mudstone package, vs. a 1 km displacement fault offsetting a 100 m-thick mudstone package).
One example of under-displaced faults with high aspect ratios included in our database are layer-bound, thin-skinned normal faults from the NW Barents Sea (Figure 13; Alghuraybi et al., 2021). The faults in this study were only active in the Late Jurassic and they occur in a fine-grained clastic host rock. Faults are 4.7–42.7 km long, have displacements ranging from 21 to 103 m, and their Dmax/L is between 0.001–0.009 (average of 0.003). They have aspect ratios as high as 19, compatible with aspect ratios found in the numerical models of Roche et al. (2013). The faults from the NW Barents Sea are interpreted to have reached their final length quickly (i.e., they grew in accordance with the constant-length model) and were not able to reach their likely maximum displacement, likely due to the mechanical layering.
In summary, host rock lithology influences D/L ratios; softer rocks (such as sedimentary rocks) tend to be over-displaced, and stiffer rocks (such as igneous rocks) tend to be under-displaced, which agrees with the initial hypothesis from previous literature (Wibberly et al., 1999; Wibberly et al., 2000a; Gudmundsson, 2004). Mechanical stratigraphy also causes rocks to be vertically restricted and causes them to be under-displaced.
6.5 How Useful Are D/L Scaling Laws?
Our overall scaling relationship between normal fault length and maximum displacement for all data in our revised database is D = 0.03L0.92±0.01. This agrees with previous literature that estimated n = 1 (Cowie and Scholz, 1992a; Dawers et al., 1993; Scholz et al., 1993; Clark and Cox, 1996; Schlische et al., 1996; Kim and Sanderson, 2005; Xu et al., 2006). Our database has thousands of faults that span eight orders of magnitude in terms of fault length, thus we believe that we can confidently say that, overall, n = 1, and that our equation could be used to reliably estimate D or L within 1–2 orders of magnitude in most cases.
There is so much variability in our plots (r2 = 0.85) when all D/L data is considered that it could be questioned whether a single global scaling law should be used at all. Even after conducting a detailed quality check of the data and removing data for which we believe there are errors/inconsistencies, there is still significant variation in the D/L scaling relationship for normal faults. As we discuss above, we suggest that some of these differences may be related to properties such as lithology, fault maturity and reactivation. The scaling relationships for data within each of these categories are different, however in some cases overlap within the confidence intervals. This may be related to the fact that feedbacks between the properties considered in this study likely exist and more analysis is needed to establish which are the key properties which most control D/L. Despite this, we believe that there is value in being able to estimate D from L, and that more specialised scaling relationships like those provided here considering fault size, lithology, tectonic history, and fault maturity are thus warranted. For example, using our global scaling law (Dmax=0.03L0.92), we would estimate that a 3 km long normal fault within a sandstone host rock in a tectonically active area would have a displacement of c. 47 m. In contrast, if we use the “clastic sedimentary” D/L equation (Dmax = 0.11L0.84), we would estimate a displacement of c. 277 m; by using the “inactive” D/L equation (Dmax = 0.05L0.93) we would estimate a displacement of c. 126 m. Both values are likely more accurate than the global estimate, which may have implications for situations which requite estimating fault displacement or length, such as understanding fault sealing, possible CO2 leakage in a potential CCS locality, how large an earthquake might be. For the most accurate estimates, we would suggest either 1) calculating an average of the applicable equations, in this example, an average between the value for a “clastic sedimentary” and “inactive,” or to have an even more accurate estimation, 2) use our database to combine faults with similar factors to make a bespoke equation for that area.
The relationship between fault D and L is also dynamic, changing throughout a fault’s life. Additionally, faults are typically not isolated structures. Some faults in a network become inactive early due to being sub-optimally located (i.e., pinned tips, interacting with an adjacent fault with opposing dips, fault rotation) and strain is partitioned onto larger and longer lasting faults. It is important to practice caution when working with D/L ratios. As shown in Figure 10, the relationship between D and L evolves through time, thus using static data to infer a dynamic relationship can be problematic. Plotting data only in log-log space can hide variability and statistical spread, as shown by Rotevatn et al. (2019). For example, different stages of fault growth will likely be masked in a large log-log plot, as the fault lies within the global scatter at every stage of fault growth. This shows that fault growth cannot be inferred from global D/L plots, and that plotting D and L through time (Figure 10) is important to understanding fault growth.
6.6 Upper Bounds of Displacement
In contrast to the lower limits of the D/L scaling dataset, which shows significant scatter likely reflecting the process of fault growth, there appears to be an upper limit of maximum displacement (Figure 14). The absolute upper bound is the upper limit of Dmax/L = 0.5 (i.e., at max, faults displacement can be ½ of length), however very few faults have a D/L value that high, i.e., 99.7% of the data falls below D/L = 0.3, and 94% of the data falls below D/L = 0.1. We argue that the D/L upper-limit seen in our global dataset may be related to an overarching rule of fault mechanics in which faults cannot accommodate a certain amount of displacement without additional propagation or linkage with another fault. The wall-rock that borders the fault tips can accommodate a finite amount of shear stress, and beyond that the rock will fail, resulting in additional fault tip propagation (Freeman et al., 2010). Upper D/L limits could also be due to isostatic restoring forces due to the topography generated in the hanging wall and footwall blocks of the fault (Cowie and Scholz, 1992a).
[image: Figure 14]FIGURE 14 | Global D/L dataset for normal faults with our suggested upper limit of D/L (D/L=0.1). The average D/L value of a single earthquake is also shown (Wells and Coppersmith, 1994).
7 CONCLUSION
We here present a new normal fault database that presents fault length and displacement along with host rock lithology, fault maturity, and tectonic history that will now be available to the public. In our interrogation of the new global normal fault database of 4046 faults, we found that 1) for the complete dataset n = 0.92 in terms of the standard equation Dmax=cLn, but there is a lot of scatter in D/L in the global dataset when faults of all lithologies, maturities, and tectonic histories are grouped together, 2) small faults (>1 m) tend to be over-displaced, 3) stiffer rocks tend to be under-displaced, and softer rocks tend to be over-displaced, 4) active faults tend to be under-displaced compared to inactive faults, and 5) reactivated faults are over-displaced compared to faults in previously undeformed settings, unless the reactivated faults are still active. We also collected normal fault D/L through time data and found that faults grow via a constant length-to-hybrid fault growth model. Since D/L ratios are changing throughout a fault’s life, it is important to express caution when looking at static D/L data.
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