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A total of 216 sculpted forms were registered on the 
granitic bedrock of the Miño River, northwest Iberian 
Peninsula. Analysis of in situ measurements (length, 
width and depth) revealed three general type-sets: in-
cipient forms, longitudinal furrows and circular pot-
holes. Maximum depth and upper radius (at the 
incision surface) were identified as key variables to 
mathematically determine the growth rate in each set. 
Three regression models are presented revealing that 
the development of the forms depends on a power law 
explaining their size and shape. Morphological and 
dimensional thresholds were established to better 
identify stages from incipient (active growth) and in-
herited (stationary growth) forms. 
 
Keywords:  Bedrock rivers, growth models, potholes, 
sculpted forms. 
 
IN bedrock rivers, where the rock surface is exposed to 
the erosive action of water, a diversity of landforms is re-
lated to the fluvial incision. At the macroscale (kilome-
tres), bedrock channels are affected by changes linked to 
the structure of the basin and oscillations of the base 
level1–3. At the meso- and microscale (metre–centimetre), 
the presence of joints and fractures in the rocks, and the 
turbulence of the flow determine the morphological pat-
terns4,5. Fluvial landforms developed in the bedrock re-
flect the sensitivity of the system to change6, presenting 
features resulting from several formative and degradative 
events7,8. The development of assemblages of minor ero-
sive forms in the fluvial environment (potholes and other 
sculpted forms) usually lasts several thousands of years, 
even though there are evidences that fluvial potholes can 
be formed in about 60 years9. The analysis of these as-
semblages is a meaningful tool to understand the evolu-
tion of the fluvial system10. 
 Descriptions of the morphology of sculpted forms  
differentiate three growth stages11: (i) an initial state of 
development represented by small cavities presenting flat 
or slightly concave bottoms; (ii) an intermediate stage, 
including deeper and often coalescent cavities with con-
cave profile, and (iii) an advanced stage when the inner 
channels connect to single forms. The lowest points of 

the eroded rock are connected by runnels which diversify  
water flow among the bedrock ribs. The location and 
morphology of the fluvial sculpted forms play a crucial 
role in the control of water-erosive processes. Particu-
larly, potholes (cavities with circular or semicircular 
opening) are an important part of the deepening process 
in bedrock channels12,13.  
 In relation to potholes developed in Spanish bedrock 
rivers, Nemec et al.14 and Lorenc et al.15 described an 
evolutionary ranking based on the relationship between 
their dimensions and the cross-section morphology. Ac-
cording to Pelletier et al.16, the hydraulic channel condi-
tions and fluid mechanics can explain the growth of 
cylindrical potholes through time. Springer et al.17,18 pre-
sented an empirical model and mentioned that mobile-
erosion nodes (small cavities, furrows, flutes or scallops) 
may evolve to cylindrical cavities with stationary-erosion 
nodes (potholes). However, transition stages between 
both have not yet been clearly defined. Bigger potholes 
are generated near a knickpoint19 and the presence of 
these forms can be significantly related to joints20,21. 
 The present study addresses the growth of sculpted 
forms in a reach of the Miño River, northwest Spain. It 
takes into consideration the relevance of place-based 
knowledge in order to recognize the geodiversity related 
to the erosive action of water, and assess its dynamics at 
a reach scale. This acknowledgment is also highly sig-
nificant for local management of fluvial spaces, since 
erosive forms are elements of the hydrological heritage. 

Study area 

The Miño River is the main water flow in the northwest 
of the Iberian Peninsula (Figure 1). In this sector, the or-
ganization of fluvial networks starts with the opening of 
the Atlantic Ocean (late Mesozoic), and its current con-
figuration reflects the changes during the Palaeocene22. 
Rivers are deeply incised among flat areas as the result of 
glacio-eustatic changes (120 m base-level maximum  
oscillation) and uplift of the continental crust (rate 0.07–
0.09 m ka–1)23. This explains a higher frequency of knick-
points towards the east, coinciding with fault lines. 
 The Miño runs along 317 km from its spring (Serra de 
Meira, 700 m amsl) to the Atlantic Ocean. In the upper 
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Figure 1. Map of the study area. Sites: (a) Serra de Meira, (b) Lugo, (c) Os Peares, (d) Ourense and (e) A Guarda. Basemaps ©2014 
ESRI and ©IGN (MTN25). 

 
 

Table 1. Factors of the Miño River, Ourense, Spain 

Valley width (km) 3 
Average height of channel (m) 100 
Average gradient (slope, %)  0.07 
 
Flow in natural regime (m3 s–1)  
 Annual average 282.33  
 Minimum monthly (August) 77.80  
 Maximum monthly (December) 542.07  
 
Minimum ecological flow (m3 s–1) 
 October–December 55.414  
 January–Mars 74.449  
 April–June 54.004  
 July–September 38.445  

Source: Ref. 24. 
 
 
reaches the river flows over a flat area; downstream, after 
the town of Lugo, the river converges with the Sil River – 
its major tributary – in a stepped terrain (Os Peares). At 
the town of Ourense, the Miño goes through residual sur-
faces of 400 m amsl. The last 78 km of its course is the 
natural boundary between Spain and Portugal until its es-
tuary (A Guarda). The river flow is regulated by several 
dams devoted mainly to hydropower. 
 The sampling area where minor erosive forms were re-
corded is a 6 km reach, in the mainstream of the Miño 
River running by Ourense. Riverbanks are heavily modi-
fied by human activity24, presenting a significant flood 
risk. The lithology is composed by two-mica granite and 
granodiorite (Hercynian). Table 1 summarizes river fea-
tures in the study area. The reach is located between two 
dams that regulate the flow and the base level; upstream 
is the Velle dam (27 m high, 17 cubic hectometer capa-

city) built in 1967, and downstream is the Castrelo dam 
(24 m high, 60 hm3 capacity) operating since 1968; both 
are devoted to hydropower production. The area was also 
modified by the construction of bridges (the oldest was 
built in 1119 and rebuilt in 1672), roads and recreation 
walks. The average population density in the surrounding 
urban area is 1235 people km–2. The presence of numer-
ous hot springs and facilities for their exploitation is the 
main human activity.  

Methods 

The first sampling in 2011–12, linear in both riversides, 
generated an inventory that was revised and completed 
from 2013 to 2015, containing data from 216 sculpted 
forms. For each sample information relative to their di-
mensions was recorded, including (Figure 2): (i) maxi-
mum depth (D), or larger vertical axis from the bottom of 
the form to the surface of incision; (ii) horizontal length 
of the opening at the surface of incision level, largest di-
ameter (Smax) and smallest diameter (Smin) and (iii) hori-
zontal length of the bottom of the form, largest diameter 
(Bmax) and smallest diameter (Bmin).  
 An exploratory analysis was carried out to examine the 
dimensional relations between parameters, and appropri-
ate statistical analysis was applied according to the distri-
bution of the data. Three morphometric indexes were 
calculated: (i) a surface index (SI) defined as the relation-
ship between the largest and smallest diameters at the 
surface of incision (SI = Smax/Smin); (ii) a bottom index 
(BI) being the relationship between diameters at the bot-
tom of the form (BI = Bmax/Bmin); and (iii) a vertical index 
(VI) which expresses the relationship between the depth 
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Table 2. Summary statistics of the sculpted forms (n = 216) 

Statistics Smax Smin D Bmax Bmin 
 

Minimum (cm) 10 5 2 7 4 
Maximum (cm) 140 135 240 116 96 
Range (cm) 130 130 238 109 92 
Median (cm) 42 21 10 30 15 
Average (cm) 45.12 26.41 20.08 36.43 19.74 
Standard deviation  27.97 18.10 27.97 23.44 15.29 
Standard error 1.90 1.23 1.90 1.59 1.04 
Standardized skewness 5.87 13.81 21.18 5.86 13.07 
Standardized kurtosis 3.16 25.63 57.39 1.13 17.15 
Coefficient of variation (%) 54.97 68.53 139.29 64.34 77.48 

Largest diameter at the surface (Smax), smallest diameter at the surface (Smin), maximum vertical 
depth (D), largest diameter at the bottom (Bmax), smallest diameter at the bottom (Bmin). 

 

 
 
Figure 2. Fieldwork measures represented over an idealized sculpted 
form: Smax and Smin are the major and minor diameter at the upper hori-
zontal opening respectively, Bmax and Bmin are the major and minor  
diameter at the horizontal bottom opening respectively. D is the maxi-
mum vertical depth. 
 
of the erosive form and maximum radius (rSmax = Smax/2) at 
the surface level (VI = D/rSmax). Correlation and regression 
techniques were applied in order to find the growing pat-
terns of erosive forms. 

Results and discussion 

The data collected for the 216 sculpted forms were statis-
tically analysed (Table 2). Figure 3 presents the normality 
plots for the dimensional data. The standardized skew-
ness and kurtosis were, in general, outside the range for a 
normal distribution (–2, +2), with medians being always 
under means. Rank correlations of Spearman, less sensi-
tive to extreme values than the Pearson coefficients, 
showed statistically significant results (P-value <0.05, 
95% confidence). A high direct correlation (0.92) was 
found between the largest diameter at the surface of inci-
sion (Smax) and the largest diameter at the bottom of the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Normality plots for data distribution of depth (D), the 
maximum upper diameter (Smax) and the minimum upper diameter 
(Smin). The straight line is the adjustment by the least squares method to 
the theoretical normal distribution. 
 

 
forms (Bmax). The same was observed (0.89) for the 
smallest diameters (Smin and Bmin) and so, only Smax and 
Smin were considered for further analysis. A statistically 
significant correlation was also found between the diame-
ters at the surface (correlation between Smax and Smin was 
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0.76), and between depth (D) and the diameters at the 
surface of incision (D versus Smax, and D versus Smin, 0.78 
and 0.85 respectively). Thus, the growth of the top and 
bottom horizontal apertures is linked to the deepening of 
erosive forms by a positive feedback.  
 Depending on the studied parameters (D, Smax and 
Smin), the 216 sculpted forms can be divided into three 
morphological sets (Figure 4).  
 (i) Set 1 (n = 23), namely incipient sculpted forms, in-
cluding forms with a dimensional relation Smax ≈ Smin > 
D, which are hemispherical (n = 20) or cylindrical (n = 3) 
forms, and have very low values for depth (D < 20 cm), 
length and width (Smax and Smin <60 cm). Surface and bot-
tom indexes are between 1.00 and 1.15 for the 75% of the 
forms (average SI = 1.08, and BI = 1.09). VI ranges from 
0.27 to 0.83 (average 0.48).  
 (ii) Set 2 (n = 134) that includes groups with shallow, 
elongated, sculpted forms like furrows. Their general di-
mensional relation is Smax > Smin > D. They are hemiellip-
soidal forms with concave profiles and low depth values 
(D < 30 cm), in which Smax is double the value of Smin in 
one half of the set. The average SI and BI are 2.19 and 
2.38 respectively, and the highest values for these indexes 
in the inventory are found in this set (SI = 5.82 and  
BI = 6.67). The calculated values for VI range from 0.14 
to 0.55. 
 

 
 
Figure 4. Examples of sculpted forms for each set: (1) incipient 
forms, (2) elongated, furrow-like forms, and (3) potholes. 

 (iii) Set 3 (n = 59) includes potholes, with hemispheri-
cal (n = 27), hemihellipsoidal (n = 3) or cylindrical 
(n = 29) geometry, and complex profiles. Higher values 
of depth (D) mark the difference with the other two 
groups (Table 3), and the dimensional relation 
Smax ≈ Smin ≥ D prevails. The surface and bottom indexes 
(SI and BI, average 1.18 and 1.11 respectively) are simi-
lar to set 1, the values calculated for the upper quantile 
(1.46 and 1.41 respectively) are indicative of oval open-
ings. VI shows an average of 1.78 (range 0.70–3.69),  
indicating that these forms are deeper than the others  
under study. 
 According to the classification of Richardson and  
Carling11, set 1 includes small cavities over horizontal 
surfaces that are sporadically flooded. Set 2 comprises 
mostly furrows with major axis that runs parallel or 
oblique to the main flow, their position and morphology 
are linked to the joint system. Set 3 comprehends the so-
called potholes, mostly semi-submerged or submerged in 
the fluvial channel being strongly degraded. The relation-
ship between the morphology of potholes and joints is 
clear by the presence of drop, kidney, multi-joint and lat-
eral types as defined by Ortega et al.21. Some potholes 
presented a stepped cross-section, indicating several ero-
sive sequences in their development. In general, as depth 
and diameter increase, sculpted forms evolve from simple 
into compound and coalescing morphologies (Figure 5 b). 
The thresholds for coalescence generation were 10 cm of 
depth (D) for cavities from set 1 (incipient forms), 50 cm 
of horizontal opening (Smax) for furrows (set 2), and pot-
holes (set 3) coalesce when depth (D) and horizontal  
upper opening (Smax) reach 50 cm. 
 Set 1 and a large part of set 2 show similar features to 
those described for initial stages of potholes by Nemec et 
al.14. In these forms, the growth of the horizontal opening 
at the surface of incision prevails until the diameter 
equals the depth. After this threshold, potholes grow by 
lateral and vertical erosion15. This deepening (when 
D > 40 cm) clearly differentiates the development of pot-
holes and furrows (Figure 5 a). The more developed fur-
rows (set 2) contain circular cavities at their bottom with 
length and width over 15 cm, trapping sand and gravel, 
which could act as seeds of later potholes. Thus the tran-
sition from sets 1 and 2 to set 3 during the growing 
 
 

Table 3. Summary statistics of D (maximum vertical  
  depth in cm) by sets 

Statistics Set 1 Set 2 Set 3 
 

Count 23 134 59 
Minimum 2 2 16 
Maximum 17 28 240 
Lower quartile 3 4 27 
Median 5 6 45 
Upper quartile 8 11 64 
Outside points Yes Yes Yes 
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process is possible. While potholes develop, there is a 
loss of symmetry in their morphology. Larger developed 
potholes have grooved walls, bottoms with central knolls 
and bulgy cross-sections; these features have been ob-
served in the more developed forms of set 3. 
 Laboratory recreation of natural bedrock channels by 
Johnson and Whipple7 indicates that robust erosive mor-
phologies (potholes) can develop by feedbacks (between 
topography, erosion and sediment transport) only when 
slope in experimental design is higher than 10%; most of 
potholes in the studied reach, where the slope is ≈0.07%, 
may be inherited forms. According to the mechanistic 
model applied by Pelletier et al.16, maximum bottom 
shear stress in the growth of the cylindrical potholes, if 
sediments are episodically emptied, is defined by D/mean 
radius = 1. It declines above this value, although the pot-
holes continue growing until D/mean radius = 2; the  
development falls drastically thereafter. According to 
this, the values of vertical index (VI = D/rSmax), presented 
in this work, may be interpreted as: (i) values of VI < 2 
detect growing potholes, which increase their dimensions 
changing their morphology; (ii) values of VI > 2 are rep-
resentative of slowly growing/stationary potholes, which 
also are the deepest recorded potholes (n = 22, depth  
between 56 and 240 cm); one pothole (VI = 3.69) is cer-
tainly an old inherited form. 
 In order to obtain the growth rate of potholes, Springer 
et al.17 proposed the use of mean radius and depth. The 
forms where mean radius is greater than depth are mo-
bile-erosion nodes that can create potholes; depth being 
 
 

 
 
Figure 5. a, Vertical and horizontal growth by sets. b, Simple forms 
(cat a), and coalescent forms (cat b). D is the maximum depth and Smax 
is the major upper opening diameter. Bubble size is proportional to the 
minor upper opening diameter (Smin). 

greater than the mean radius corresponds to stable-
erosion nodes (potholes). As discussed earlier, D and Smax 
can differentiate between three sets of sculpted forms 
(Figure 5 a), and the vertical index (VI = D/rmax) indi-
cates the potential of D and rSmax in the growth assessment 
of potholes. Note that in the sculpted forms with circular 
opening (sets 1 and 3), rSmax and the mean radius are simi-
lar, but mean radius does not provide enough information 
about the elongated forms included in set 2. 
 In Figure 6 a, the plot of rSmax versus D reveals two 
clear growth patterns. A regression analysis was per-
formed considering D as the independent variable and 
rSmax as the dependent variable (outliers were not removed 
from the data). Table 4 presents the regression results by 
sets. The model presenting the lowest error of estimation 
was linear after data transformation into decimal loga-
rithms (graphical representation in Figure 6 c); this result 
is coherent with that of Springer et al.17, who reported 
that mean radius and depth in the potholes are related by 
 
 

 
 
Figure 6. Plot of the major opening radius (rSmax) versus maximum 
depth (D). a, Distribution of the samples. b, Regression models in a 
linear scale (grey line indicates the D = rSmax). c, Regression models in a 
log–log scale. 
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Table 4. Regression models 

Set n R2 Equation Power law Error* 
 

1  23 83.2 log(rSmax) = 0.514 + 0.748·log(D) rSmax = 3.27·D0.75 0.09 
2 134 92.3 log(rSmax) = 0.678 + 0.748·log(D) rSmax = 4.76·D0.75 0.06 
3  59 82.2 log(rSmax) = 0.201 + 0.729·log(D) rSmax = 1.59·D0.73 0.08 

Confidence 99% (P-value < 0.01). *Standard error of estimate (slope). 
 

 
a power law (linear correlation in log–log transformed 
data) along their growth. This log–log linear correlation 
is also applicable to elongated furrows and incipient 
forms, where the relationship D = rSmax (see Figure 6 b) 
clearly separates potholes (D/rSmax > 1) and other mor-
phologies (D/rSmax < 1). The expression log(rSmax) = 
a + b·log(D) can be reformulated, using antilogarithms, to 
the power law form rSmax = kDb (k = 10a), which is more 
suitable for comparison with the available literature. 
 The model equations explain the development of the 
studied sculpted forms, where opening (horizontal 
growth) and deepening (vertical growth) are related in 
different ways. The parameter b above indicates the pro-
portionality of the increase of rSmax for any given value of 
depth (D). The results highlight a slightly higher propor-
tional increase of the horizontal opening radius in the in-
cipient forms and furrows of the sets 1 and 2 (b = 0.75), 
than in the potholes of set 3 (b = 0.73). These b coeffi-
cients are similar to, or in the range of, that obtained for 
potholes generated over other different lithologies17,18,25. 
The comparison with other kinds of sculpted forms was 
not possible because of lack of knowledge. Although the 
results for the b (<1) parameter suggest that deepening is 
faster than opening, in the range of D data of the studied 
sample (Table 3), this is true only for potholes with a 
depth higher than 20 cm; for incipient forms, furrows and 
shallow potholes the diameter grows faster than depth. 
The k coefficient, more meaningful in this case, indicates 
that horizontal opening growth follows the sequence set 
2 > set 1 >> set 3. In order to properly assess the growth 
of sculpted forms, not only the b coefficient, but also the 
k parameter and total length of the opening (diameter) 
must be taken into account. 

Conclusion 

In the studied reach of the Miño River, the presence of 
currently growing and inherited sculpted forms, eroded in 
the granitic substrate, makes the area particularly suitable 
to examine the development of this kind of minor land-
forms. The analysis of the morphological and dimen-
sional data allows differentiation of three main groups of 
forms (sets): the first group of shallow (incipient) forms, 
a second one containing elongated forms like furrows, 
and a third composed of potholes. Morphometric indexes 
were employed to identify the sculpted forms by their 

stage of development. Regression models were developed 
for the three groups under study, well supported by statis-
tical analysis of the correlation between depth and the 
longest radius at the horizontal upper opening. The re-
sults indicate that the horizontal growth (opening) is 
faster than the vertical incision (deepening), except for 
potholes with depth greater than 20 cm. Simple forms 
give way to coalescent configurations when depth reaches 
10 cm (for incipient forms) or 50 cm (for potholes); the 
elongated furrows coalesce when the length of the hori-
zontal opening diameter reaches 50 cm (like in potholes). 
The coalescing forms, presence of complex profiles and 
sculpted forms growing inside sculpted forms, support 
the view of different stages of development in the area. 
On comparison with other studies, the evolutionary pat-
tern is found to be independent of lithology.  
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