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ABSTRACT

Geometrical analyses of 3930 potholes (3565 fluvial potholes, 237 marine potholes and 128 hillside
potholes) from 33 localities in the world reveal a consistent, linear relationship: D = Nh + M, where h and
D are, respectively, the depth and mean diameter of pothole, M is a critical size of the initial concavities
(seminal potholes) that subsequently underwent growth, and N is the ratio of diameter expanding (wall
erosion) speed to deepening (floor abrasion) speed. For the stream potholes, N is generally less than 1
with an average value of 0.67, M varies from 5.3 cm to 40.5 cm with an average of 20 cm, and N decreases
gently with increasing M. However, the marine and hillside potholes are generally characterized by N > 1
and M < 10—14 cm, and a power-law relationship N = 4.24M~%78 (coefficient of determination R? = 0.75,
M is in cm) exists. The results indicate that depth increases faster than diameter for stream potholes due
to the larger size of grinding stones (>5—10 cm), while depth increases slower than diameter for marine
potholes and hillside potholes due to the smaller size of grinding stones (<5—10 cm). The pothole h-D
relationship is nearly independent of rock type. Knowledge of the pothole depth—diameter relationship
is useful in a number of contexts, including simulation of hydraulic dynamics, theoretical considerations
of erosion, comprehension of channel incision and development of canyons and gorges, and accurate
estimation of excavation volume and mechanical strength of potholed bedrock in the design and stability
analysis of hydraulic and environmental engineering projects (e.g. dam construction and river dredging).
© 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

(Chongging) and Yucha Canyon (Shanxi) in China, and Buckskin
Gulch (Utah) and Antelope Canyon (Arizona) in USA). Knowledge of

Eddy-hole-type potholes are one of the most spectacular ex-
amples of clearly visible, abiotic features formed on bedrock by
rapidly swirling flow of water, which has enough potential energy
to carry sediments (i.e. sand, pebbles, cobbles and boulders) to
erode deflation hollows through abrasion and corrosion (e.g.
Alexander, 1932; Hancock et al., 1998; Springer and Wohl, 2002;
Richardson and Carling, 2005; Wang et al., 2009; Ortega et al.,
2014; Lima and Binda, 2015; Ortega-Becerril et al., 2016; Dhali
and Biswas, 2017a). Continuous channels can be formed into the
river bedrock by agglomeration of multiple, initially separate,
enlarging and overlapping potholes during their progressive
growth, creating canyons of sculpted rocks (e.g. Longyin Canyon
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Peer review under responsibility of Institute of Rock and Soil Mechanics, Chi-
nese Academy of Sciences.
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the pothole depth—diameter relationship is required for the solu-
tion of a number of very practical problems in the design and sta-
bility analysis of hydraulic and environmental engineering projects,
such as excavation, dam construction, and river dredging. In order
to estimate the cost of rock excavation, for example, one need
calculate the total volume of rock excavation and the mechanical
strength of the channel bedrock, both of which largely depend on
accurate estimate of the volume fraction of potholes (e.g. Ji and Xia,
2002; Ji, 2004; Ji et al., 2006; Yu et al., 2016). Each vertical pothole
can be approximated by a circular or elliptical cylinder character-
ized by the following geometrical parameters: the lengths of its
major and minor axes (a and b) and the mean diameter (D = /ab)
of the horizontal section and the depth (h). If a relationship be-
tween h and D is known, one can indirectly determine the depths
and further the volumes of potholes based on the D data obtained
from aerial photos taken by a drone. Additionally, it is important to
determine if the h-D relationships differ by lithology and have
generic implications for pothole development over time.

1674-7755 © 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1

A new global database consisting of 3930 potholes from 33 localities in the world.

Type of potholes Location Bedrock lithology n a(cm) b (cm) alb D (cm) h (cm) D/h M (cm) N R? Reference
Value StD. Value St.D. Value St.D. Value StD. Value StD. Value St.D.
Stream Kurokawa River, Shikoku, Chert 120 2185 1919 1773 1557 133 059 1948 1684 206.7 193.7 141 12 4053 0.7 0.44 Satoetal (1987)
potholes Japan
Shelburne Falls, Deerfield Felsic and mafic 154 1084 832 789 636 149 06 91.7 71 85 732 158 159 3131 0.71 0.54 This study
River, MA, USA gneisses
Gatineau River, Quebec, Felsic and mafic 212 432 272 312 196 14 033 365 225 407 245 096 033 571 0.76 0.68 This study
Canada gneisses
Augrabies, Orange River, Granitic gneiss 193 736 732 736 732 115 0.75 20.83 046 0.53 Springer et al. (2005)
South Africa
Sandy River, Phillips, Granite 137 862 545 618 383 143 039 725 444 651 48 16 126 2744 0.69 0.55 This study
Maine, USA
Kharsoti River, Tetuldanga, Granite 29 754 429 69.1 488 127 058 26.7 0.7 0.64 Dhali and Biswas (2017a)
India
Mino River, Iberian Peninsula, Granite and 59 56.7 26 55 381 1.13 025 2332 0.61 0.79 Alvarez-Vazquez and
Spain granodiorite Uiia-Alvarez (2017b)
Indrayani knickpoint, Basalt 633 24 24 1 1854 0.8 0.52 Kale and Shingade (1987)
Mabharashtra, India
Kurokawa River, Shikoku, Metabasalt 53 1065 815 747 554 148 081 879 642 874 57 113 057 1513 083 0.55 Satoetal.(1987)
Japan
Reach 1, Ocoee River, Tennessee, Metasediment 105 31 171 6.1 1.81 27.33 044 04 Goode (2009)
USA
Reach 2, Ocoee River, Tennessee, Metasediment 296 41 21.8 8.1 1.88 325 0.56 0.39 Goode (2009)
USA
Reach 3, Ocoee River, Tennessee, Metasediment 176 49.2 279 118 1.76 3495 0.54 0.26 Goode (2009)
USA
Reach 4, Ocoee River, Tennessee, Metasediment 146 43 368 129 1.17 30.19 033 0.2 Goode (2009)
USA
Kakamas, Orange River, Phyllitic quartzite 64 68.7 1059 563 71.1 133 057 1418 0.84 0.75 Springer et al. (2005)
South Africa
Boegoebeg, Orange River, Metasediment 216 358 211 272 193 156 0.83 1091 0.92 0.7 Springer et al. (2005)
South Africa
Wubu River, Chongqing, China Mudstone and 179 27 21 13 1.13 19.71 0.5 0.56 Renetal. (2015)
sandstone
Site 1, Sunxi River, Chongqing, Sandstone 90 587 506 506 487 1.2 024 543 494 662 642 106 048 11.02 0.65 0.72 This study
China
Site 2, Sunxi River, Chongqing, Sandstone 202 341 185 277 143 123 022 306 161 363 19 092 042 738 064 0.6 This study
China
Site 3, Sunxi River, Chongqing, Sandstone 38 16 69 137 6.1 1.18 021 147 63 17.1 98 1.02 045 59 0.52 0.65 This study
China
Site 4, Sunxi River, Chongqing, Sandstone 75 339 249 273 182 126 031 302 208 329 253 1.03 041 781 0.68 0.69 This study
China
Site 5, Sunxi River, Chongqing, Sandstone 100 518 373 399 252 127 027 452 301 345 225 129 05 6.09 1.07 0.63 This study
China
Site 6, Sunxi River, Chongqing, Sandstone 100 336 19 264 141 127 02 29.7 162 239 115 128 043 532 1.05 0.68 This study
China
Site 7, Sunxi River, Chongqing, Sandstone 43 333 178 267 149 126 022 297 16 23 185 1.64 0.68 16.61 0.61 0.5 This study
China
Longxi River, Liangping, Sandstone 145 233 139 187 9.7 123 024 208 113 252 151 093 037 6.05 0.59 0.61 This study
Chongqing, China
Average 3565 625 482 483 372 131 036 538 448 501 396 129 065 1856 0.67 0.57

(continued on next page)
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Table 1 (continued )

Reference

N R

b (cm) alb D (cm) h (cm) D/h M (cm)

a(cm)

Bedrock lithology n

Type of potholes Location

Value St.D.

158 0.89

Value St.D.

Value St.D. Value St.D.

Value St.D.

Value St.D.

0.75 0.37 Wang et al. (2010)

5.97

0.35

407 248 246 14 165 059 316 11 36.6

83

Sandstone and
mudstone
Basalt

Tuff

Coast of Shenzhen, China

Marine

potholes

Abbott and Pottratz (1969)

1.15 0.66 Abbott and Pottratz (1969)
1.53 0.74 Abbott and Pottratz (1969)

1.84 0.78 Jiang et al. (2014)

437 088 09
1.23 0.69

0.44

26.8 1.11

249 382

38
47

0.21
0.45
0.22

248 1.1

19

36.7
43

396 932

48

Oahu, Hawaii, USA
Oahu, Hawaii, USA
Oahu, Hawaii, USA
Inubo, Tiba, Japan

035 10.39
0.54

0.83

319 134 154

19.1

1.29

524 109.1
392
41

24
76

7.64
32

6.32
2.81
2.34

3.67

8.8 2.04
114 222

156 189
15.2

36.6

145 1.14

34.5

87.5
26

Carbonate

193
29

24.7
19
11

383

0.09

236 1.16
19.2

358

Sandstone
Average
Granite

1.56

383

0.31
0.11

0.3

426 68.1 349 1.27
29

237

2.17 0.71 This study
2.06 0.81 This study

0.56
0.62
0.13

55 2.58
4.7 2.29

95 1.2 31.9 129

13

35.1
24

16

Jefferson Ridge, NH, USA

Hillside
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11.7 9.4

214

103 1.24

1.7

19.3
32

13.8

Granite 67

Lhasa Drepung Area, Tibet, China Granite

Mount Washington, NH, USA

potholes

0.34 Jiang et al. (2014)
0.99 0.68 This study
1.63 0.63

13

1.6 1.62
21 23
35 22

0.11 382 26.1
0.2 83

1.52

46.8 3.1

27

048 10.15

0.45

25

183

20.8 34 162 26 13

18
128

Limestone
Average

Shifoling, Xishan, Beijing, China

4.74

0.18 274 6.8 14.2

132

241

8.3

31.7

We have developed a new global database consisting of geometrical
parameters (a, b, a/b, D, h and D/h) of 3930 potholes (3565 stream
potholes, 237 marine potholes and 128 hillside potholes) from 33
localities in the world (Table 1, in which n is the number of potholes,
St.D. is the standard deviation, M is a critical size of the initial con-
cavities (seminal potholes) that subsequently underwent growth, N
is the ratio of diameter expanding (wall erosion) speed to deepening
(floor abrasion) speed, and R? is the coefficient of determination). The
primary objectives of this study are (1) to find a parsimonious model
of pothole h-D relationship, (2) to compare variations in model pa-
rameters among fluvial, marine and hillside potholes, and (3) to
exploit the potential implications for the different processes in the
formation and development of potholes.

2. Three categories of potholes

According to their occurrence, potholes are classified into three
categories (Figs. 1-3): (1) stream or fluvial potholes which were
formed by vortex-driven incision along river channels (e.g.
Alexander, 1932; Springer and Wohl, 2002; Richardson and Carling,
2005; Springer et al., 2005; Ortega et al., 2014; Lima and Binda,
2015; Ortega-Becerril et al., 2016; Dhali and Biswas, 2017b), (2)
marine or coastal potholes which were developed primarily by
water wave abrasion and scour in beachrocks along shores (e.g.
Swinnerton, 1927; Abbott and Pottratz, 1969; Kanible et al., 1997),
and (3) hillside potholes which were caused by flowing water
derived from rainstorms on the slopes of stony mountains (Ji, 2017).

2.1. Stream potholes

The stream potholes (Fig. 1) include 120 potholes from chert (Sato
etal., 1987),972 from sandstone (Ren et al., 2015; this study), 723 from
metasediments (Goode, 2009), 559 from felsic and mafic gneisses
(Springer et al., 2005), 225 from granite-granodiorite (Alvarez-
Vazquez and Ufia-Alvarez, 2017a; Dhali and Biswas, 2017a; this
study), 280 from quartzite (Springer et al., 2005), 633 from basalt
(Kale and Shinade, 1987), and 53 from metabasalt (Sato et al., 1987).

Here we select the Gatineau River at the Rapides-Farmer
Generating Station Dam (Hydro-Quebec) in the Greater Ottawa-
Gatineau area (Canada, GPS coordinates of 45.4995° N, 75.7604°
W) as an example to show some characteristics of typical stream
potholes carved into crystalline rocks such as felsic and mafic
gneisses. As shown in Fig. 4, the potholes from the Gatineau River
are elliptical on the horizontal surface: a/b = 14 + 0.33
(a =432 4+ 272 cm and b = 21.2 + 19.6 cm) and their D/h values
vary from 0.44 to 2.73 with an average close to 1 (0.96 + 0.33). The
average diameters (D) of the potholes display consistently a posi-
tive skewed frequency distribution which is characterized by the
feature that the median (the 50th percentile in the distribution) is
significantly less than the mean but larger than the mode (the most
frequently occurring value in the distribution) (Fig. 4c). The skewed
tails in the distribution is presumably caused by coalescence of
potholes: pothole growth led to dense packing and overlapping of
two or more potholes, forming a large pothole.

The stream potholes at each of the 24 sites (Table 1) follow
approximately a linear trend in D-h relation (Fig. 5a and b and 6a).
The scatter in the data is assumedly due most likely to variations in
other non-quantified factors such as local landform-influenced
flow hydrodynamics, turbulence-induced bed shear stress, and
the amount and size of grinding stones. In spite of the uncertainties,
the general linear trends demonstrate that both the diameter and
depth of potholes increase over time but in different rates: deep-
ening is significantly faster than widening. It is also observed that
the size of the largest grinding stone (S in cm) in each pothole
displays positive correlations with the depth (h) and particularly
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Fig. 1. Photographs showing typical stream potholes in gneisses (a, b, Deerfield River at the Shelburne Falls, Franklin County, Massachusetts, USA) and sandstones (c, d, Sunxi River
at Zhongshan Town, Jiangjin, Chongqing, China). In (d), potholes are coalesced to form a deep and narrow canyon of sculpted rocks with smooth but extremely undulated walls
which are the remnants of the inner walls of breached potholes. Ruler in (a) is 1 m in length, pen in (b) is 14 cm in length, and lens cap in (c) is 7.7 cm in diameter.

mean diameter (D) of potholes (Fig. 6¢ and d). Along the Gatineau
River, for example, we have

S = 0.6D (R* = 0.69) (M
S = 0.44h + 4.59 (R*> = 0.41) (2)

In these equations, S, D and h are in cm. The data shown in
Fig. 6b suggest that the potholes with D/h = 1 + 0.5 are prone to
store coarser sediments.

Fig. 7 plots all the h-D data of stream potholes whose original
data were available (Sato et al., 1987; Springer et al., 2005; Alvarez-
Vazquez and Ufia-Alvarez, 2017b; Dhali and Biswas, 2017a; this
study). Among these 2054 potholes, 957, 50, 119, 280, 212 and 434
potholes are from sandstone, shale, chert, quartzite, granite-
granodiorite and gneiss, respectively. The data from Goode
(2009), Kale and Shingade (1987) and Ren et al. (2015) could not
be included in this figure because the original data were not re-
ported in their papers. The whole set of the data can be approxi-
mately described by a linear equation:

D = 0.73h + 12.8 (R* = 0.67) (3)
or a power law:
D = 2.26h%78 (R? = 0.74) (4)

where both h and D are in cm. Interestingly, the measured data
show that the h-D relations seem to be independent of rock type

(Fig. 7).

2.2. Marine potholes

The marine potholes, which occur on the shores between the
high and low levels of local tides (Fig. 2), result from modern coastal
erosion processes caused principally by marine transgression and
regression (e.g. Swinnerton, 1927; Tschang, 1966; Wang et al.,
2010). The data of marine potholes (Table 1 and Fig. 8) were

measured from the shores of Oahu, Hawaii (Abbotta and Pottratz,
1969), Shenzhen, China (Wang et al., 2010), and Inubo, Tiba, Japan
(Ito, 1940). The rocks exposed along Oahu’s coasts are basalt, vol-
canic tuff and calcareous beachrock. The majority of marine pot-
holes are circular in shape (a/b ratios are close to 1, Fig. 9) whereas
those with a/b ratios larger than 1.6—2 (elliptical in shape) are
formed from coalescence of two or more potholes. The major axis of
each pothole is preferentially oriented perpendicular to the trend of
the beach, i.e. the direction of shoreward and seaward backwash
currents. Of the potholes measured in Oahu (Abbotta and Pottratz,
1969), more than 94% potholes are less than or equal to 30 cm in
mean diameter (Fig. 9). A few large potholes result from the fusion
of smaller pools. The marine potholes are usually shallow with a
mean depth less than 40 cm (Fig. 9). The h-D plots for the marine
potholes in basalt along Oahu Island (Hawaii) are demonstrated in
Fig. 5¢c as an example. Fig. 8 summarizes the data of marine pot-
holes, yielding

D = 0.8h + 5.5 (R?> = 0.58) (5)
or
D = 3.71h%% (R? = 0.64) (6)

The mean D/h ratio calculated from the whole set of 236 marine
pothole data is 1.42.

2.3. Hillside potholes

Rainwater flow-induced hillside potholes were measured from
the White Mountains, New Hampshire, USA (Fig. 3a) and the
Western Hills, Beijing, China (Fig. 3b—d). Fig. 10 also includes the
data measured from granite at Duodigou, Lhasa, Tibet, China (Jiang
et al., 2014).

Sixteen hillside potholes occur in granite on a single outcrop at
the Caps Ridge Trail of Mt. Jefferson (44.2961° N, 71.3372° W). This
site is approximately located at the midway of the Caps Ridge Trail
between the Parking station of Jefferson Notch Road and the
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Fig. 2. Marine potholes in sandstone of the Paleogene (~55 Ma) Carmelo Formation exposed on the Weston Beach of Point Lobos State Reserve, Monterey County, California, USA.
Shallowness is a general characteristic of the coastal potholes. A central island (rounded raised mass) is often observed in the bottom of each large pothole, around which the water
swirled. Black arrow indicates joints or fractures. Red arrow indicates swirling flow direction.

summit of Mt. Jefferson. Geometries of these potholes are charac-
terized by the following parameters: a = 3513 + 13.01 cm,
b =29.03 +9.45 cm, D = 31.9 4+ 11.01 cm, h = 12.94 + 5.54 cm, a/
b=1.2+0.11,D/h = 2.58 + 0.56, and D = 1.736h + 9.444 (D and h
are in cm, R? = 0.76).

Rainwater flow-induced potholes are scattered across the slope
in elevation of 1247—1306 m on the northeast flank of Mt. Wash-
ington which is the highest peak in the Presidential Range of the
White Mountains in New Hampshire, USA. Sixty-seven potholes

have been measured from outcrops which lie 100—150 m east of a
parking station named the Chandler Brook Trailhead (44.2922° N,
71.2794° W). The locality is about 7.2 km from the toll gate at the
base, along the Mt. Washington Auto Toll Road. Hillside potholes
developed in muscovite-bearing granite which is occasionally cut
by pegmatite dikes. The surfaces of the outcrops have gentle slopes
dipping 5°—10°. The histograms of geometrical parameters (a, b, a/
b, D, h and D/h) are shown in Fig. 11. Diameter and depth of the
potholes are linearly proportional to each other: D = 2.02h + 2.81

Fig. 3. Photographs showing typical rainwater flow-induced hillside potholes in granite (a, Caps Ridge Trail of Mt. Jefferson, White Mountains, New Hampshire, USA) and tuff (b-d,
the Western Hills, Beijing, China). Hammer in (a, c) is 27.9 cm in length, and lens cap in (b) is 7.7 cm in diameter. Down-dip water flow direction is indicated by white arrow in (c).

Red arrows in (b) and (d) indicate swirling flow direction.
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Fig. 4. Histograms of the geometrical parameters (a, b, a/b, D, h and D/h) measured for 212 potholes from the Gatineau River at the Rapides-Farmer Generating Station Dam, Quebec,
Canada. M is the arithmetic mean, Me is the median (the 50th percentile in the distribution), and Mo is the mode (the most frequently occurring value in the distribution).

(both D and h are in cm, R?> = 0.8) for this site (Fig. 5d). It is
necessary to mention that the hillside potholes from this site were
interpreted by Hattin (1958) as glacial potholes formed by “action
of melt water from the last continental glacier”.

The rainwater flow-induced hillside potholes (Fig. 3b—d) in the
region of the Western Hills, Beijing, China were misinterpreted by
Su (2016) as hoof holes formed during the Ming and Qing Dynasties
(1368—1912 AD). His interpretation was based on a speculation that
a thousand of horses have stepped into the same but progressively
deepening holes every day during several hundred years. However,
the fact that, by nature, horses instinctively avoid stepping into
deep (>5—10 cm) or muddy-water-filled potholes as to prevent any
possible injury to their ankles of legs (Cabell-Self, 1974; Skipper,
2007; Wendt, 2011), makes Su’s hypothesis impossible (Ji, 2017).
At Shifoling (39.9747° N, 116.0075° E), for example, the hillside
potholes occur in limestone with a = 208 4+ 34 cm,
b=162 +26 cm, D =183 + 25 cm, h = 83 £+ 2.1 cm, af

b=13+0.2,D/h=2.3+0.48,and D = 0.99h + 10.15 (both D and h
are in cm, R? = 0.64).

The hillside potholes studied are characterized by the following
features:

(1) Most of the hillside potholes ( ~94%) are consistently smaller
than 50 cm in diameter and have a rounded to oval section
with a mean a/b ratio of 1.3 (a/b < 1.3, 53%; a/b = 1.3—1.6,
32.5%; and a/b > 1.6, 14.5%).

(2) The mean D/h ratio is 2.18 (D/h < 1,1.6%; D/h = 1-1.5,14.8%; D/
h=1.5-2,25.8%; D/h = 2—2.5,28.9%; D/h = 2.5—3, 20.3%; and
D/h > 3, 8.6%). This indicates that the majority of hillside
potholes possess approximately inverted spherical cap shapes.
In other words, the hillside potholes are generally much
shallower compared with the stream potholes for the
following reasons: (a) Abrasion by fine tools such as sand
(hillside potholes) is much slower than that by larger pebbles
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Fig. 5. Relationships between the mean diameter (D) and depth (h) of stream (a, b), marine (c) and hillside (d) potholes. (a) Red sandstone from the Longxi River, Chongqing, China;
(b) Granite from the Sandy River at Phillips Town, Maine, USA; (c) Basalt from the shores of the Oahu Island, Hawaii, USA; and (d) Muscovite-bearing granite from the Presidential
Range of the White Mountains in New Hampshire, USA.

and boulders (stream potholes); and (b) Hydration and gran-
ular weathering take place mainly on the walls where alter-
nating wetting and drying occur while the bottom of a hillside
pothole remains submerged longer than the wall does and
prevents from disintegration. Consequently, the widening is
faster than deepening during formation of hillside potholes.

(3) The floor and walls of the hillside potholes are smooth and

polished surfaces (Fig. 3), implying that mechanical abrasion
is predominant over chemical corrosion (differential disso-
lution) during their formation in silicate rocks such as granite
and tuff. In limestones consisting mainly of calcium car-
bonate which is easily to be dissolved in rainwater or weak
acid solutions, however, differential solution may also play a
certain role together with mechanical abrasion during the
formation and growth of potholes.

(4) Sediments, which are mainly coarse-grained quartz and

feldspar sands, are consistently observed at the bottoms of

every hillside pothole, indicating that the sediments acted as
grinders to perform the pothole erosion during rainstorm
periods. The sands were transported into the depressions by
slope-down flow of water and wind blowing or directly
broken down from the walls and floor of depression by
weathering of water, wind, frost, ice and biological agents.
Unlike most of the stream potholes, the hillside potholes
were experienced alternating wetting and drying. The pres-
ence of water after rains made the rock gradually weaker
through hydration. Biological activity took place in the water
and acids released helped to weaken the rock as well.

(5) The growth of hillside potholes is affected by the dip and plant

coverage of a hillslope. The hydrodynamic power of rainwater
flow over a hillslope increases with increasing dip angle (e.g.
Pelletier et al., 2015). Vegetation can protect the surrounding
hillslope, preventing the delivery of grinding stones to the
depressions. The control of grinding stones on erosion of
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bedrock has been investigated by Sklar and Dietrich (2001),
Johnson and Whipple (2007) and Sklar et al. (2017).

3. Discussion
3.1. Pothole depth—diameter relationship
Although the h-D data measured from each site (Fig. 5) are

somehow scattered, a general trend is clear for the pothole mean
diameter (D) to increase linearly in proportion to the pothole depth

(h):
D=Nh+M (7)

In this equation, M is interpreted as the critical size of mean
diameter for the initial concavities (seminal potholes) that

subsequently underwent growth by both deepening and radially
expanding. Dp = M when h = 0. Physical implications for the
dimensional threshold (M) are twofold: (1) Depressions with mean
diameters smaller than M cannot efficiently entrap and retain
coarse sediments (e.g. pebbles and gravels) which are required for
effective grinding wear or are easily stemmed by a single cobble or
boulder; and (2) Depressions with mean diameters larger than M
can form a stable and strong vortex and reach a maximum erosion
potential of fluids for the efficient growth of pothole (Springer and
Wohl, 2002). For example, the potholes in the granitic bedrock of
the Sandy River at Phillips (Maine, USA) show that M = 27.4 cm and
N = 0.69. The M values obtained from sandstone (M = 9.54 cm) are
generally significantly smaller than those from granite-
granodiorite and felsic and mafic gneisses (M = 22.6 cm). It is
found that M = 11 cm, 7.4 cm and 5.9 cm at sites 1, 2 and 3 along the
Sunxi River (Jiangjin, Chongqing, China) whose widths are 10 m,
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Fig. 7. Mean diameter (D) versus depth (h) for 2053 stream potholes. Fitted lines are given in both linear and power laws.

32 m and 46 m, respectively. As the volumes of water that flows
through the river at the sites within a given amount of time are
almost the same, the water velocity should increase with decrease
in river’s width. As the river flows on the bedrock of the same li-
thology (red sandstone), M should depend on only the water ve-
locity or stream power. Higher water velocity can transport larger
particles, as described by the Hjulstrom—Sundborg diagram
(Gregory, 1985; Wohl, 2015). Thus, the dependence of the threshold
(M) on either lithology or water velocity indicates that the M value
depends on the predominant size of bedload particles (grinding
tools) transported in the river.

Marine potholes (n=236)
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Fig. 8. Mean diameter (D) versus depth (h) for 236 marine potholes. Fitted lines are
given in both linear and power laws.

In Eq. (7), N is determined by the slope of the fitting straight line
on the h-D plots (Fig. 5):

do 4
N:ﬁ:%i; (8)
t

where t is the time. Thus, N is a parameter to measure the relative
ratio of pothole widening to deepening. The deepening and
widening rates of potholes are controlled by floor abrasion and wall
erosion in potholes, respectively (Kale and Shingade, 1987; Wohl,
1993; Springer et al., 2005; Pelletier et al., 2015).

The N and M values for the three categories of potholes were
plotted together in Fig. 12. Interestingly, N decreases nonlinearly
with increasing M: N = 2.46M~%4 (R?> = 0.63). However, the N
values vary slightly around a constant of 0.67 (standard deviation:
0.18) for the stream potholes measured although the corresponding
M values vary considerably from 5.3 cm to 40.5 cm. There is no
strong dependence of N on rock type or structure of stream
bedrock. The fact that N = 0.67, indicating that the deepening was
faster than the widening by a quasi-constant factor of ~ 1.5 during
abrasive erosion as the dominant mechanism of pothole develop-
ment in stream bedrocks of whatever lithology (e.g. felsic and mafic
gneisses, metasediments, phyllite, granite, chert, basalt, sandstone
or mudstone). Two reasons may explain the above phenomenon:
(1) Erosion is faster for floors than walls due to gravity-driven
normal stresses exerted on grinders within the pothole; and (2)
Grinders abrading the floors are much coarser than those polishing
the walls. The pebbles and cobbles roll, slide and saltate along the
bottoms whereas the suspended sand yields impact effects upon
the walls of potholes because downward spiraling vortices produce
centripetal motion (Hancock et al., 1998; Pelletier et al., 2015).

For the marine and hillside potholes, however, N decreases
dramatically with increasing M (Fig. 12). The parameters of the h-D
relationships (i.e. N and M) may serve as indicators for pothole
genesis and help quantitative characterization of potholes which is
better than the classical practices according to visual or qualitative
descriptions. The stream potholes formed by gyratory abrasion
driven by unidirectional water flow are generally characterized by
N = 0.67 + 0.18 and M > 5 cm. If a combined action of chemical
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solution processes and mechanical abrasion is responsible to form
potholes, N should be larger whereas M becomes smaller. For
example, the coastal potholes from calcareous beachrock of Oahu
Island, Hawaii (Abbott and Pottratz, 1969) display that N = 1.53 and
M = 3.01 cm (R? = 0.74).

A simple power law, D = kh™ (k and m are the regression co-
efficients, Springer et al., 2005, 2006), can equally well describe the
h-Drelationship. As shown in Fig. 7, 2053 stream potholes yield that
k=2.26 and m = 0.78 (both h and D are in cm, R* = 0.74). However,
the physical implications of parameters k and m are unclear
because neither k nor m can be equal to zero. The power law implies

that no critical size is needed for initial pothole nuclei and each
mature pothole can develop from a millimeter-size micro-
depression through the same mechanism (i.e. abrasive erosion)
during its initiation and subsequent growth. This puts the power-
law model in doubt because turbulent eddies are difficult, if not
impossible, to take place in millimeter-size pits. Figs. 7 and 8
demonstrate that the linear and power-law models provide better
fitting for the data with h and D larger than 100 cm and lower than
10 cm, respectively. For most practical problems, a straight line fit to
the h-D data is sufficiently accurate and is much easier to handle
analytically.

3.2. Pothole diameter-to-depth ratio

It is noted that the marine potholes display higher average D/h
ratios (2.04 & 0.54, relatively shallow) than those of stream pot-
holes (close to 1). These discrepancies indicate that the streams and
rivers can provide higher erosional potential on bedrock than the
marine waves on beachrock.

The coastal marine waves and particularly the rainwater flow on
hillsides are generally less effective than the river currents. The
rainwater can only drive small sized grinding tools such as sand and
pebbles. The marine waves use both small and moderate sized tools
(sand, pebbles and cobbles) to drill the coastal potholes while the
river flow and particularly large floods bring various sized tools
from sand, pebbles, cobbles to boulders, depending on the hy-
draulic power, to sculpture the bedrock. Accordingly, the depths of
hillside potholes and coastal potholes are commonly smaller than
their diameters. In contrast, the depths of fluvial potholes are
generally close to or even exceed their diameters as long as the
potholes are in their stage of maturity. Thus, D/h is an indicator of
hydraulic power.

Marine potholes occur along a shore which is alternately
exposed by wave-generated currents. Unlike on a streambed where
the water flow is almost unidirectional, the wave-generated cur-
rents are complex: (1) the current flowing in onshore direction
which causes an increase in sea level against coast; (2) the current
flowing along the bottom in the seaward direction (i.e. backwash),
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Fig. 12. Relationship between N and M for 3930 potholes (3565 fluvial potholes, 237
marine potholes and 128 hillside potholes) from 33 localities in the world.

which counterbalances the onshore movement of water and drives
the water to return to the ocean following the swash of a wave; and
(3) the current flowing almost parallel to the shoreline, which is
caused by the angled rush of waves toward the shore. All these
kinds of currents can provide energies and driving forces to swirl
the sediments around in the depressions in the zones of mechanical
weakness such as intersections of joints and fractures. Fragments
detached from the sea floor and cliffs furnished the abrasive tools in
grinding out the marine potholes. Generally speaking, on a long
straight shore, boulders (>25.6 cm) are too large or heavy to be
transported by calm-weather wave-induced currents into the de-
pressions. Only sand grains (<0.2 cm), pebbles (0.2—6.4 cm) and
some small cobbles (6.4—25.6 cm) can be dislodged and trans-
ported into the potholes by ordinary (calm-weather) waves. As long
as the pebbles and cobbles were entrained into the potholes, they
will be trapped inside and rarely removed from the pools because
the hydraulic power caused by calm-weather waves on the long
straight shore is insufficiently strong. These blocks trapped within
the potholes, if numerous, will protect the floor from being eroded
and thus prevent further deepening. However, the small pebbles
and sand grains can be swirled around during the ordinary wave
attack, resulting in the pothole widening. As a result, the marine
potholes (Ito, 1940; Abbotta and Pottratz, 1969; Kanible et al., 1997)
generally possess relatively larger D/h ratios (>1.5).

The marine potholes in mudstone and sandstone along the
shore of Shenzhen (China) and in basalt along the coast of Oahu
Island (Hawaii) have smaller mean D/h ratios of 0.89 and 1.11,
respectively. The beachrock in which marine potholes were
measured by Wang et al. (2010) is extensively fractured by at least 4
sets of joints oriented in different directions. The fractured blocks,
which are mostly smaller than 4—5 cm in size, are easily plucked
and then removed from the bottom of the depressions by the
incoming surge of high energy waves, making the potholes deep-
ened. Accordingly, the depth of pothole increases faster than its
diameter, producing a small D/h ratio. In the case of Oahu Island,
pebbles made of vesicular basalt, which contain high porosities and
in turn are relatively light, can be swirled by waves to grind effi-
ciently the floor of pothole, making the potholes deepened.

When waves blow into a V-shaped, tapering bay, the power
induced by such high speed incoming surge is much higher than
that by an ordinary transgression to a long straight shore. Violent
waves may be produced in time of severe storms. Thus, marine
potholes with D/h<1 are expected to occur on shores of V-shaped
bays (Toyoshima and Tanimoto, 1984; Sunamura, 1992) and shores

influenced frequently by seasonal severe storms (Swinnerton,
1927). This remains to be verified in future studies. Large boul-
ders can be transported by a large-magnitude earthquake-induced
tsunami and then accumulated on the coast (Etienne et al., 2011). In
Thailand, for example, boulders of sizes up to 2—3 m were trans-
ported landward up to 900 m by the 2004 Boxing Day Indian Ocean
tsunami (Goto et al., 2007; Paris et al., 2009, 2010). Arrivals of such
large boulders on the shore excavated by potholes will certainly
cause mechanical obstruction of the water flow and change the
flow conditions, making swirling flow difficult, if not completely
impossible, and thus the growth of the pothole should be ended or
dramatically slow down. Therefore, the D/h ratio is a factor influ-
enced by not only coastal dynamic environments but also me-
chanical and structural properties of the beachrock in which
marine potholes developed.

3.3. Strength of potholed rocks

The mechanical strength of a porous material can be approxi-
mately estimated according to the following equation (Ji et al,,
2006; Yu et al.,, 2016):

Mc = Ms(1-p)¥/ 9)

where M. and Mg are the mechanical strengths of the porous and
zero-porosity materials, respectively; p is the porosity; and J is a
microstructural parameter that depends on the geometrical shape,
spatial arrangement, orientation and size distribution of pores. J =1
for porous materials with long cylindrical or hexagonal pores
aligned parallel to the loading direction. J = 1/3 for porous materials
with long cylindrical or hexagonal pores aligned vertical to the
loading direction. As pointed by Ji et al. (2006), the experimental
data of lotus-type porous cooper (Hyun et al., 2001) agree perfectly
with the prediction using Eq. (9). In the case of a stream bedrock
carved by vertical potholes, the strengths in the vertical and hori-
zontal directions are given, respectively, by

Mc = My(1-p) (10)
Mc = My(1-p)? (11)

Taking the loading direction to be parallel to the horizontal
plane, the relative strengths (M¢/Ms) are 50%, 40%, 30%, 20% and 10%
when the volume fractions of potholes reach 20.6%, 26.3%, 33.1%,
41.5% and 53.6%, respectively. In other words, when the bedrock has
been carved extensively by coalesced potholes and the volume
fraction of potholes reaches a critical value (say >50%), the me-
chanical strength of the potholed rock in the horizontal plane be-
comes <12.5% of the bedrock without potholes. Such a significantly
weakened rock is easily broken, detached and removed by large
floods, making the potholed layer eroded and disappeared
completely. This process which allows a potholed layer removed by
vertical translation of bed surfaces, named “truncation” by Springer
et al. (2006), is particularly important for incision of stream into
bedrock. Then new potholes re-initiate and restart to grow in the
new rocky platform immediately beneath the layer removed. The
repeated pothole—truncation processes are responsible for the
development of canyons and gorges.

4. Conclusions

Pothole is an important category of erosional sculpted forms
from open bedrock channels, coastal beaches and hillsides.
Knowledge of the pothole depth—diameter relationship is required
for the solution of a number of very practical problems in the design
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and stability analysis of hydraulic and environmental engineering
projects, such as excavation, dam construction, and river dredging.
In order to estimate the cost of rock excavation, for example, one
need calculate the total volume of rock excavation and the me-
chanical strength of the channel bedrock, both of which largely
depend on accurate estimate of the volume fraction of potholes. We
have performed the geometrical analyses of 3930 potholes (3565
fluvial potholes, 237 marine potholes and 128 hillside potholes)
from 33 localities in the world. A linear relationship between the
depth (h) and diameter (D) of potholes is consistently observed:
D = Nh + M. The three categories of potholes together display that N
decreases nonlinearly with increasing M: N = 246M %%
(R? = 0.63). For the stream potholes measured, N is generally less
than 1 and varies slightly around a constant of 0.67 (standard de-
viation: 0.18) although the corresponding M values vary consider-
ably from 5.3 cm to 40.5 cm. However, the marine and hillside
potholes are generally characterized by N > 1 and M < 5—10 cm, and
a power—law relationship N = 4.24M%78 (R* = 0.75) exists. The
results indicate that depth increases faster than diameter for the
stream potholes due to the larger size of grinding stones (>5—
10 cm), while depth increases slower than diameter for marine and
hillside potholes due to the smaller size of grinding stones (<5—
10 cm). The pothole h-D relationship is nearly independent of rock
type. Additionally, the rarity of marine and hillside potholes with D/
h < 1 indicates that swirling flow caused by water waves on coastal
beaches and rainwater flows on hillsides are not strong enough to
drive grinders larger than 7—10 cm for formation of deep potholes.
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