
APPENDIX 1: Morphology and Dynamics of the Straits Examined in This Study 

by Robert W. Dalrymple, P.Geo. 

 

This appendix, which accompanies the paper entitled “A Review of the Morphology, Physical Processes 
and Deposits of Modern Straits” by Robert W. Dalrymple, which appears in Geological Society London 
Special Publication 523 “Straits and Seaways: Controls, Processes and Implications in Modern and 
Ancient Systems”, contains a summary of the information obtained from the literature review 
concerning each of the 33 straits examined in this study.  For each strait, the following information is 
provided: 

• A Google Earth © image of the strait, with bathymetric contours superimposed, plus arrows 
showing the general current-flow directions extracted from the literature; 

• The dimensions (length, width and depth) of the strait; 
• A description of the strait, including information on its geologic origin, hydrodynamics and 

nature of the sediments; and 
• A list with full citations of the literature consulted about that strait. 

In the following set of images showing the morphology of the 33 straits examined in this study, the plan 
shape of the straits is illustrated using Google Earth © images; the yellow outline shows the shoreline as 
indicated by Google Earth ©.  North is generally toward the top of each image.  Credit for the source of 
each image is provided in the individual captions.  The bathymetry of each strait, which is shown using 
white lines, has been derived mainly from location maps in papers about each strait.  These sources, and 
any additional primary sources that were cited, are indicated in the captions.  Arrows of various weights 
and colours have been superimposed to illustrate the main currents that flow through each strait, 
emphasizing particularly the ‘permanent’ or prevailing currents which are not always the most energetic 
water movements; these are commonly ‘episodic’ (i.e., tidal or meteorological) currents.  The flow 
directions are highly simplified, and are derived from a reading of the relevant literature for each strait; 
the most important source(s) are cited in the caption.  The names of the straits are preceded by a 
number from 1 to 33.  This number corresponds with the number used in the global map in Fig. 2 in the 
main paper that shows where each strait is located.  An abbreviated summary of the information 
provided here is presented in Table 1 in the main paper. 

 

List of Straits Studied 

Each of the following names of straits is hyperlinked to the corresponding description.  At the end of 
each section (following the list of references), there is a hyperlink that returns to this location. 

 

1- Bering Strait 
2- Johnstone Strait-Queen Charlotte Sound 
3- Georgia Strait 
4- Strait of Juan de Fuca 



5- The Golden Gate, San Francisco Bay  
6- Strait of Magellan 
7- Florida Straits 
8- Long Island Sound-East River 
9- Minas Passage and Channel 
10- Northumberland Strait 
11- Straits of Mackinac 
12- Hudson Strait 
13- Kattegat and Skagerrak 
14- Menai Strait 
15- English Channel and Strait of Dover 
16- Strait of Gibraltar 
17- Messina Strait 
18- Dardanelles and Bosphorus 
19- Strait of Hormuz 
20- Bab el Mandeb 
21- Mozambique Channel 
22- Palk Strait 
23- Malacca Strait-Singapore Strait 
24- Lombok Strait 
25- Makassar Strait 
26- Vitiaz Strait 
27- Torres Strait 
28- Bass Strait 
29- Cook Strait 
30- Tarama Strait 
31- Tokara Strait 
32- Osumi Channel 
33- Bungo Channel-Hayasui Strait 

 

Abbreviations for the suppliers of data for the Google Earth © images 

• CA OPC—California Ocean Protection Council 
• CNES—Centre national d'études spatiales 
• CSUMB SFLM—California State University Monterey Bay Sea Floor Mapping Lab 
• GEBCO—General Bathymetric Chart of the Oceans  
• IBCAO—International Bathymetric Chart of the Arctic Ocean 
• INEGI-- Instituto Nacional de Estadística y Geografía 
• LDEO –Lamont-Doherty Earth Observatory 
• NGA—National Geospatial-Intelligence Agency 
• NOAA—National Oceanographic and Atmospheric Administration 
• NSF—National Science Foundation 
• SIO—Scripps Institute of Oceanography 



• U.S.—United States  

1—BERING STRAIT 

 

 

Fig. A1.  Bering Strait: Bathymetry after Roach et al. (1995, fig. 1; © American Geophysical Union).  
Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  
Image: Landsat/Copernicus).  Diomede Island is the small island in the centre of the strait at its 
narrowest point.  The southward-branching central depression to the immediately east of Diomede 
Island might have originated as a fluvial valley during lowstand.  The dominant flow is to the north, into 
the Arctic Ocean.  The Coriolis effect makes the current stronger on the Alaskan side (Aagaard et al. 
1985; Roach et al. 1995; Woodgate & Aagaard 2005), where the Alaskan Coastal Current is strong 
enough to generate dunes (Field et al. 1981) at depths below the wave-dominated shoreface.  Tidal 
currents are of moderate strength (Mofjeld 1986; Foreman et al. 2006a). 

 
Length 

The land on either side consists of pointed headlands, so the narrowest part is very short, with rapid 
flaring to both the north and south.   The main constriction is only ~40 km long. 
 

Width 



83 km total from Alaska to Russia, but there are two islands in the middle that subdivide the strait into 
two parts: western part--36 km; eastern part--36 km. 
 
Depth 

Depths are generally less than 50 m.  The deepest bathymetric contour on the Roach et al. (1995) map is 
40 m.  There does not appear to be any deep channel, which is suggested in Google Earth © by the 
labelling of a ‘Bering Strait Valley’ immediately to the east of the island in the middle of the Strait.  This 
is said to be a relict fluvial valley.  Specific mention is made of a southerly-directed valley, but there 
might also have been one flowing to the north? 
 
Description 

The Strait is apparently a graben that opened at the end of the Miocene, with relict terrestrial valleys.  
This extension is related to the south-westward extrusion of western Alaska in response to northward 
subduction along the southern side of Alaska and the accretion of small continental blocks.  The 
northward water flow is caused by a ‘pressure head difference’ (i.e., to a water-surface slope) from the 
Pacific to the Arctic, that might be due to regional winds, OR to a ‘steric effect’-- the Pacific is less dense 
due to lower salinity and warmer water--than the Artic, so the Arctic is lower than the Pacific by ~0.5 m.  
Temporal variability in the strength of the current is strongly correlated with winds.  The Alaskan Coastal 
Current (ACC) along the Alaskan coast is the fastest part of the northward flow, generating a cross-strait 
asymmetry in flow strength as a result of the strong influence of the Coriolis effect at such high 
latitudes.  On the open shelf, north-directed current speeds are typically 3 cm s-1 and locally reach 10 cm 
s-1.  Current speeds in the ACC reach a maximum of 170 cm s-1, 9 m above the bed.  This current is ~10 
km wide and 40 m deep.  This current is up to 1 m s-1 faster than flow outside the current.  The mean 
northward flow is 20-50 cm s-1 in spring and summer, 5-15 cm s-1 slower in fall and winter, and flow can 
be reversed by strong northerly winds, with the strongest southerly flow along the Russian coast (due to 
Coriolis effect, presumably).  Most of the sediment surface appears to be covered with sandy sediment, 
although these samples were from the seas at either end, not the Strait sensu stricto.  Bedrock outcrops 
are widespread in the northern Strait. Up to 40% of the Yukon River's load bypasses its delta and is 
carried northward through Bering Strait.  Dunes are present on the transgressive sandy lag immediately 
southeast of Bering Strait, in water 10-20 m deep.  They are mainly localized to areas of sand 
accumulation in ridges.  The tidal energy flux through Bering Strait is ‘very small’ (shown as zero in their 
table; Forman et al. 2006).  Tidal currents are weak, and 2/3 of the currents are attributed to wind 
forcing. 
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2—JOHNSTONE STRAIT-QUEEN CHARLOTTE SOUND 

 

 

Fig. A2. Johnstone Strait/Queen Charlotte Sound: Bathymetry of Queen Charlotte Sound and Johnstone 
Strait from Foreman et al. (2006, fig. 2; reproduced with permission of the Canadian Meteorological and 
Oceanographic Society); bathymetry of Georgia Strait (bottom right-hand corner) from Foreman et al. 
(1995; © American Geophysical Union). Depths in metres.  Satellite image from Google Earth ©.  (Data: 
SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  There are isolated, glacially scoured 
depressions with maximum depths that are > 400 m below sea level.  Johnstone Strait and Queen 
Charlotte Sound experience estuarine circulation, with north-westward flow of the surface water, and 
inward (south-eastward) flow of the bottom water (Thomson 1976, 1977; Khangaonkar et al. 2017), 
driven by the discharge of the Fraser River into Georgia Strait.  Tidal currents each 7.7 m s-1 in narrow 
sections of Johnstone Strait (Sutherland et al. 2007), because tidal heights are nearly perfectly out of 
phase between Queen Charlotte Sound and Georgia Strait. 

 

Length 

Johnstone Strait: ~160 km from Georgia Strait to Queen Charlotte Strait; more or less straight, but with 
jogs.  Queens Charlotte Strait: ~90 km. 
 

Width 



Johnstone Strait: 3-3.5 km in its wider western section; 1.75-2.5 km wide in its narrower, more sinuous 
southeastern part; the narrowest point is only ~1.1 km wide.  Seymour Narrows: minimum width 0.8 
km.  Cordero Channel: minimum width 0.5 km. Queen Charlotte Sound: 24 km at its widest; its mouth is 
blocked by a series of islands in a chain that is ~E-W; it narrows fairly rapidly at its southeastern end. 
 

Depth 

Queen Charlotte Sound: much of the area is 100-200 m deep, but there are two elongate areas along 
the southern shore that are up to 400 m deep locally.  Johnstone Strait: maximum depth 450 m at the 
western end; commonly 200-300 m deep in the middle section; the eastern part is ~ 100 m deep, with 
some sills only 50 m deep.  Seymour Narrows and Cordero Channel: minimum depth 50 m. 
 

Description 

Queen Charlotte Sound and Johnstone Strait occupy the northern part of the Georgia Depression.  
Structurally, it is a forearc basin, and also lies along the suture between the Insular and Coastal 
Mountains structural terranes.  The entire area was glaciated, leading to the formation of glacially over-
deepened straits.  During the glacial maximum, the ice flow was to the W-SW, but during deglaciation, 
there may have been valley glaciers in the channels, flowing to the S or NW: Blaise et al. (1990) show an 
ice divide near the southern end of Johnstone Strait, with flow in both directions along the lowland 
valley.  Deglaciation may have started as early as 13,630 yr BP.  Maximum sea level was slightly above 
+90 m relative to modern sea level.  There is significant estuarine flow in Johnstone Strait: northward in 
the surface layer; southward in the basal layer.  The pycnocline at the study site was at a depth of ~120 
m.  Mean tidal range at the northwestern end of Johnstone Strait is 2.5 m, decreasing south-eastward 
(inward) to 1.8 m about half way along the Strait.  The tide in Johnstone Strait is the result of a 
landward-propagating surface barotropic M2 tide and a seaward-propagating internal baroclinic M2 tide.  
The entire system is highly dissipative and numerical models of the tide require a larger-than-normal 
friction to reproduce the form drag on islands, and the complex morphology and bathymetry.  The tidal 
flux through Johnstone Strait is 1/15th that through Juan de Fuca Strait.  The K1 tide increases northward 
through Strait of Georgia, and southward through Queen Charlotte Strait (but less than in Strait of 
Georgia).  The tidal phase lag between northern Strait of Georgia and Queen Charlotte Strait is ~180o.  
Tidal currents in the wider western part average 0.5-1.5 m s-1. Current speeds in Johnstone Strait reach 
7.7 m s-1.  Maximum speeds in Gillard Passage and Arran Rapids (Cordero Channel) are 5.7 m s-1 and 6.7 
m s-1, respectively.  Cordero Channel has a larger flux than Discovery Passage.  The flux into Georgia 
Strait is 1/6-1/3 of that through Haro Strait.  Overall, in Johnstone Strait salinities increase 
northwestward toward Queen Charlotte Sound.  Despite the narrowness of the channel, there is 
thought to be a measurable Coriolis effect, although the cross-channel slope could be due to sinuosity.  
There is also a baroclinic tidal component caused by interaction of the barotropic tide with shallow sills.  
There appears to be slumping on the channel margins.  Oxygen levels are high through the entire depth 
due to strong tidal mixing.  Throughout the entire area (including Queen Charlotte Sound), salinities are 
equal to or less than 30 ppt in the spring.  Long-term flows are seaward everywhere in the surface layer 
because of river input.  At 80 m depth, all of the narrow channels still have seaward flow, but the deeper 
central part of Queen Charlotte Sound has weak landward flow, implying that the surface layer thins in a 
seaward direction. 
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3—GEORGIA STAIT 

 

 

Fig. A3.  Georgia Strait: Bathymetry from Foreman et al. (1995, fig. 1; © American Geophysical Union).  
Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  
Image: Landsat/Copernicus).  The basin is deep because of structural motion, but was accentuated by 
glacial scour.  It is flanked at its ends by two constrictions, Haro Strait in the south, and Johnstone Strait 
in the north.  Water movement in Georgia Strait is controlled by the discharge of fresh water by the 
Fraser River at Vancouver (LeBlond 1983), with divergent surface flow, driving estuarine circulation in 
both Johnstone Strait-Queen Charlotte Sound to the northwest (Thomson 1976, 1977; Khangaonkar et al. 
2017), and in the Strait of Juan de Fuca to the southwest (Ott & Garrett 1998; Masson & Cummins 2004), 
the later dominating over the former in the regional circulation because of the more constricted channel 
network to the northwest.  Denser water enters Georgia Strait from the south seasonally (Masson 2002, 
2006). 

 

Length 

225 km from the San Juan Islands that define Haro Strait in the south to Discovery Passage at the 
entrance to Johnstone Strait in the north. 



 

Width 

The southern half averages 28 km wide, ranging from 17.5-35 km.    The northern half is 12.5-17.5 km 
wide, with a funnel-shaped narrowing into the small passages at the northern end (Discovery Passage, 
etc.). 
 

Depth 

Maximum depth 420 m in the deep, central basin, north of the mouth of the Fraser River.  
 

Description 

Georgia Strait occupies the southern part of the Georgia Depression.  Structurally, it is a forearc basin, 
and also lies along the suture between the Insular and Coastal Mountains geological terranes.  There 
was initially rapid subsidence, followed by an episode of thrust faulting, shortening and shallowing, 
followed by renewed subsidence recently.  There may also be some right-lateral strike-slip motion.  
Glacial ice retreated 8,000-1,000 yr BP.  Ice reached its maximum extent ~14,000 yr BP, followed by 
rapid deglaciation so it was ice-free by ~ 11,300 yr BP.  There is a thick (~ 50 m) till succession, overlain 
by ice-proximal glaciomarine deposits and then by a thin succession of ice-distal glaciomarine 
sediments.  In northern Georgia Strait, initial submergence was up to 197 m above modern sea level, 
then sea level fell to its present level.  There was no lowstand as occurred in the southern Strait.   Most 
tidal energy enters from the south, because the northern channels are so small and tortuous.  The tidal 
range increases northward from the Strait of Juan de Fuca into the northern part of Strait of Georgia.  
The islands near the southern end of the Strait of Georgia and between there and Queen Charlotte 
Sound to the north (Johnstone Strait and Discovery Passage) are the major locations of tidal energy 
dissipation.  The tidal wave enters from both the south (Juan de Fuca Strait) and north (Queen Charlotte 
Sound).  The Strait of Georgia overall becomes less saline to the north, although salinities are only 30-31 
ppt at their lowest.  The water at the bottom of the deep basin has a low oxygen content (2.5-3.5 ml/l; 
surface water has > 5.5 ml/l).  Water entering from Johnstone Strait is significant in the northern part of 
Georgia Strait, but, like the water coming in through Haro Strait in the south, spreads at an intermediate 
depth due to mixing of sea water and fresh water.  At the Fraser River mouth, tides average 3.2 m.  All of 
the sediment supplied by the Fraser River is retained in the Georgia Basin.  There is a flood-tide 
dominance across the delta front (flood: 1.2 m s-1; ebb 0.5 m s-1), such that most of the outflow goes to 
the north, despite the tendency of the hypopycnal river plume to turn south because of the winds.  The 
flood tidal currents locally generate dunes in shallow water.  This causes the delta to be asymmetric.  
The northerly flow on the east side is balanced by a southerly flow on the west side.  In the channels, 
including Haro Strait, through the San Juan Islands, tidal speeds reach 5 m s-1.  The delta has prograded 
5.4 km in the last 2250 years.  The bottom topography of the southern half of the Georgia Basin is 
smooth due to deposition of sediment from the Fraser delta, whereas the northern half has a rugged 
topography, with relief of ~400 m, implying little or no recent sediment accumulation, and perhaps 
more active tectonic movements.  In the southern part, sediment generally becomes finer to the north, 
from sandy deposits near the San Juan islands, to clays in the area near the narrowing at the northern 
end of the main basin.  Shallow areas are coarser and have little accumulation.  Sedimentation rates are 
highest directly off and immediately to the north of the Fraser delta.  Sediment deposition is by direct 
settling, and by turbidity currents (confined and unconfined) and mass failures from the Fraser delta.   
There are up-slope migrating sediment waves off the main river mouth.  Elsewhere, sedimentation is 



slow.  There is little or no sedimentary signal of the presence of Vancouver Island.  Much sediment is 
trapped in fjords on both shores.  Even in deep water, there can be current winnowing, generating 
sandy lags.  This also raises the possibility that sediment drifts are present but not yet reported.  There is 
an ‘estuarine’ turbidity maximum in the Haro Strait area because of the intense tidal currents that mix 
the water and resuspend particles.  There is abundant (biogenic) gas in the sediments of the Fraser 
delta.  The fresh-water plume is 2-10 m thick and best developed when the river discharge is highest. 
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4—STRAIT OF JUAN DE FUCA 

 

 

Fig. A4. Strait of Juan de Fuca: Bathymetry from Foreman et al. (1995, fig. 1; © American Geophysical 
Union).  Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, 
GEBCO, LDEO-Columbia, NSF.  Image: Landsat/Copernicus).  The basin has a structural origin, but was 
accentuated by glacial scour; it is essentially a fjord, created by one of the major glaciers that flowed 
outwards from an ice divide in southern British Columbia.  This map overlaps with the map for Georgia 
Strait to the north.  Flow in the Strait of Juan de Fuca is dominated by tidal currents (Foreman et al. 1995; 
Sutherland et al. 2005), but there is a background estuarine circulation that is driven by discharge from 
the Fraser River in the Strait of Georgia (Ott & Garrett 1998; Masson & Cummins 2004; Masson 2006; 
Thomson et al. 2007).  Because of the Coriolis effect, the incoming flow is mainly on the southern side, 
whereas the surficial, outgoing flow is on the northern side.  A turbidity-current canyon originates as the 
mouth of the Strait; it was presumably active when the glacial terminus was at this location during the 
last glacial maximum (Hewitt & Mosher 2001; Mosher & Hewitt 2004). 

 

Length 

~140 km long, from its western entrance at Cape Flattery, Washington, to the entrance of the small 
channel, Haro Strait, on the west side of the San Juan Islands.  The Strait trends ESE-WNW, but bends 
sharply to the north at its eastern end. 
 

Width 



Approximately parallel sided.  Widest point is 22 km in the parallel-sided part, expanding to > 40 km at 
entrance to Puget Sound.  Narrowest point, 14 km, south of Victoria.  Narrows abruptly as it passes 
mainly to the west of the San Juan Islands (= Haro Strait). 
 

Depth 

Glacially scoured deep channel in the axis of the strait continues directly westward into a submarine 
canyon at ~ -150 m.  The axis of the Strait deepens to the west, from ~50 m on bank crests near the 
mouth of Puget Sound, to +200 at the west end.  Between the banks that lie just west of the San Juan 
Islands, the channels reach ~150 m deep.  The Strait is broadly U-shaped in section, especially in the 
eastern part. 
 

Description 

The Strait is localized by tectonic features, but has been repeatedly occupied and scoured by glaciers (4 
regional-scale glaciations).  The faulting appears to be mainly normal and/or reverse, suggesting the 
Strait is a graben that might have been partially inverted.  Some faults in the eastern Strait have been 
active in the Holocene, with transpressive motion with northward-directed thrusting and right-lateral 
strike-slip motion; such motion suggests that the Strait of Juan de Fuca is a pull-apart basin.  There is 40-
1100 m of Pleistocene glacial and marine deposits in the Strait.  At the glacial maximum (~14,500 yr BP), 
the glacier reached the shelf edge through San de Fuca Strait.  There are recessional moraines.  
Deglaciation of the eastern Strait occurred between ~14,500-13,000 yr BP.  Sea level was initially at +75 
m, dropping rapidly to -60 m, and then rising to the present elevation at ~5470 yr BP.  There is a series of 
wave-cut terraces, the lowest at -50 m, some associated with spits.  Post-glacial sediments begin with 
ice-proximal coarse outwash, passing up to more distal, muddy glacio-marine stratified deposits.  Deltas 
have been built by the transverse feeder drainages along both the north and south margins of the Strait.  
These bodies are largest along the north side.  One of the deltas along the southern side (Elwah River) is 
skewed to the east, most likely because of the west-to-east wave-driven longshore drift.  There is little 
sediment input now to the eastern Strait because it lacks significant river input.  Dunes in sand with a 
mean size of ~0.5 mm are up to 25 m high occur south of Victoria, with migration to the northeast 
(landward).  Bottom currents here are >100 cm s-1.  The sediment is reworked from older deposits.  
Seismic sections show local erosion.  There are sediment drifts around banks (= drumlins) in the eastern 
part of the Strait.  The shorefaces along the margins are wave dominated above ~5 m depth; below -18 
m, tidal currents dominate sedimentation generating along-strike current ripples.  All depths are 
dominated by sands.  The longshore drift is uniformly to the east (inland).  Significant wave heights are 
<1 m everywhere in the Strait; average maximum storm wave base is ~-20 m.  There is ‘estuarine 
circulation’ in the summer, but this sometimes reverses in the winter because of poleward and westerly 
winds.  The main energy is tidal, with currents 75-100 cm s-1.  The estuarine circulation currents: 
maximum outward ~50 cm s-1 in upper 60 m; inward at ~25 cm s-1 at 60-125 m depth, and ~ 10 cm s-1 
below 125 m.  Outflow is strongest on the north side because of Coriolis effect.  During strong westerly 
winds, there is a strong (~ 1 m s-1) inward current at the surface, especially along the southern side.  
There is strong mixing as the flow passes through Haro Strait, especially during spring tides.  There is a 
non-estuarine (wind-driven) inflow at the sea bed with speeds of 2-5 cm s-1.  The salinity of the surface 
water increases seaward, with a significant increase in the passage through Haro Strait from Georgia 
Strait which is affected by the input of the Fraser River.  This surface fresher layer becomes thinner in 
the seaward direction.  The speed of the surface outflow decreases toward the mouth of the Strait.  
Only 38% of the tidal energy entering from the ocean makes it into Georgia Strait; much of the energy is 



dissipated in Haro Strait.  About half of the tidal flux is through Haro Strait; the rest goes through other 
channels between the San Juan and Gulf islands.  The M2 tide decreases inward to a virtual amphidromic 
point on land at Victoria, then increases into the Strait of Georgia, with maximum ranges at the north 
end of the Strait of Georgia.  The tidal range on the south coast of Vancouver Island is 2.2 m.  There are 
current-speed maxima adjacent to headlands and in narrow straits between islands.  There may be input 
of Columbia River suspended sediment, and of material eroded by waves, in the bottom water during 
winter.  A strongly asymmetric delta has been documented along the southeastern margin of the strait.  
It appears that this asymmetry is due to waves arriving from the west, causing an eastward-directed 
longshore drift. 
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5—GOLDEN GATE INLET, SAN FANCISCO 

 

 

Fig. A5. The Golden Gate Inlet, San Francisco: The bathymetry shown is modified from Rubin & 
McCulloch (1980, fig. 1C, based on data from the U.S. Coast and Geodetic Survey) for the main inlet 
throat and within San Francisco Bay, and from Elias & Hansen (2013, fig. 1) for the ebb-tidal delta 
seaward of the Golden Gate Inlet.  Copyright Elsevier; used with permission.  Depths in metres.  Satellite 
image from Google Earth ©.  (Data: SIO, NOAA, U.A. Navy, NGA, GEBCO, CSUMB SFLM, CA OPC).  The 
deepest depth in the centre of the inlet scour is 113 m below sea level.  There is a well-defined ebb-tidal 
delta at the seaward end of the strait (Hanes & Bernard 2007; Bernard et al. 2013a; Elias & Hansen 
2013).  The corresponding flood-tidal delta is not clearly evident because San Francisco Bay is relatively 
filled with sediment.  Sediment transport is dominated by tidal currents, that are superimposed on a net 
seaward transport that is presumably driven by the freshwater discharge of the rivers feeding San 
Francisco Bay (Erikson et al. 2013). 

 

Length 

ca. 6.6 km long.  The narrowest section is a little over 1 km long. 
 



Width 

1.5 km wide at its narrowest.  At the line of the straight ocean coast, it is 3.8 km wide. 
 

Depth 

Deepest point is 113 m deep, with water depths decreasing both landward and seaward.  The dunes on 
the ebb-tidal delta occur in water depths of 30-106 m. 
 

Description 

Golden Gate Inlet lies along a suspected fault that runs perpendicular to the main strike-slip faults.  The 
Bay to the east occupies a structural depression between two strike-slip faults... it might be a pull-apart 
basin that has evolved from a forearc basin.  The Golden Gate Inlet is conceptually similar to a ‘tidal 
inlet’, although it differs from the classic inlet because it is bedrock constrained, rather than being 
bounded by mobile barrier islands.  The dynamics of the inlet are strongly dominated by tidal currents, 
which reach 2.5 m s-1 in the inlet throat, which is overall ebb dominated, with an overall export of sand 
to the ebb-tidal delta.  The current speeds decrease seaward from the inlet, but are still 1 m s-1 at the 
crest of the ebb-tidal delta some 14 km seaward of the Golden Gate Inlet.  The ‘ebb ramp’ is composed 
of coarse sand to gravel in its proximal part and bears some very large and spectacular dunes that reach 
up to 10 m high (average 6 m).  There is a pronounced seaward fining down the tidal transport path; the 
crest of the ebb-tidal delta is composed of medium to fine sand. This area is flanked by flood-dominant 
channels.  Waves (mean significant height 2.5 m; maximum 8 m) are important on the crest of the ebb-
tidal delta.  Like most tidal inlets, the throat of the Inlet is deeply scoured and is floored by bedrock and 
gravel, so there is no ‘sill’.  The area landward of the narrows (Central Bay, San Francisco Bay) is lower 
energy, but still has widespread development of dunes, which are more typically 1-1.5 m high.  There is 
no classic flood-tidal delta because the lagoon is too filled.  There is some ‘estuarine circulation’ because 
of freshwater discharge into the ‘lagoon’, but the freshwater inflow is very small relative to the tidal 
prism and most workers discount the importance of the estuarine circulation, except perhaps during 
times of maximum river floods.  The sediment comprising the ebb-tidal delta is fluvially supplied sand, 
which means that the inlet is not a bedload parting, but a through-flow transport path.  The dunes on 
the ebb-tidal delta have heights up to 10 m, and maximum wavelengths of 220 m.  Over the last 50 
years, the outer margin has eroded, but the ‘terminal lobe’ away from the dredged ship canal has built 
higher.  There has been extra scour in the inlet throat, with deposition along the coasts, in the formed 
flood-tidal channels. 
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6—STRAIT OF MAGELLAN 

 

 

Fig. A6. Strait of Magellan: The NE-SW segment at the eastern end occupies a rift basin, whereas the 
narrow SE-NW segment in the west lies along a left-lateral strike-slip fault.  Bathymetric profile (A—B—
C) along the length of the Straits of Magellan modified from Panella et al. (1991, fig. 2).  Depths in 
metres.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO, LDEO-
Columbia, NSF.  Image: Landsat/Copernicus).  The two constrictions that occur in the eastern segment of 
the Strait (between B and C) are the result of deposition at glacial moraines (McCulloch et al. 2005; Lovell 
et al. 2011).  The prevailing flow through the Straits of Magellan is west to east (Panella et al. 1991; Brun 
et al. 2020); this current is part of the Circum-Antarctic circulation that is largely wind-driven.  Tidal 
currents dominate sediment transport at the eastern end of the Strait.  Tidal ranges increase inward to 
the first narrows (west of the letter C), but then decrease to the SW because of frictional dissipation 
(Medeiros & Kjerfve 1988). 



 

Length 

560 km with a very circuitous, zig-zag path; two main segments-- a generally NE-SW part at the Atlantic 
end that is ~250 km long with several wider basins and branches; and a SE-NW-oriented western section 
~250 m long at the Pacific end that is straight and narrow, and 2-15 km wide. 
 

Width 

Atlantic entrance is 27 km wide.  The First Narrows is 4 km wide; the first basin is up to 40 km wide; the 
Second Narrows is 10 km wide; and the second basin is 31 km wide.  The western channel to the Pacific 
is only 2-5 km and passes through an archipelago of islands. 
 

Depth 

The Atlantic entrance is ~50 m deep.  The First Narrows is 50 m deep; the first basin is ~40 m deep; the 
Second Narrows is 55 m deep; and the second basin averages 20 m deep.  The third basin (at the 
junction of the two segments deepens to the south from 40-550 m.  The largest embayment (widest 
area) has an average depth of 200 m.  The westerly channel to the Pacific is up to 1000 m deep!  There 
are a total of 5 basins, separated by ‘narrows’ in the Atlantic section, and by shallower sills in the Pacific 
segment.  The eastern basin in the E-W segment is 800-1000 m deep; the shoal at its W end is 100-200 
m deep; and the westernmost basin rises from ~500 m deep to 50-60 m deep at the shoal at the Pacific 
end.  Overall, the Strait becomes deeper toward the west, with the deepest point (~1100m) in the 
western third. 
 

Description 

The NE-SW segment of the Strait is believed to follow a rift basin that cuts across structural grain, 
whereas the SE-NW segment follows a left-lateral strike-slip fault.  The area was glaciated during MIS 4 
(60-70,000 BP and again during the latest glacial maximum.  Much of the southern part of the NE-SW 
segment was ice-filled by northward-flowing glaciers (>700 m thick) during the last glacial maximum and 
were fronted by glacier-dammed lakes in the fronting ‘moat’.  The lakes drained to the Pacific at ~12,700 
BP when the glaciers melted back.  These lakes were part of the latest glacial advance. The tide on the 
Atlantic side is semidiurnal and macrotidal (7.1 m mean; 9.0 m springs), whereas the tide on the Pacific 
side is mixed (mainly semidiurnal) with mean and spring ranges of 1.1 and 1.2 m, respectively.  Tidal 
ranges are amplified into the Strait from the Atlantic, reaching 8.5 m average range, but decrease in a 
step-wise fashion to the west because of the narrowness of the Strait (termed a ‘choking effect’), being 
only 1.2 m at a distance of 150 km from the Atlantic entrance.  Tidal current speeds reach 3 m s-1 (and 
even 4.5 m s-1 in the First Narrows) in narrow constrictions.  The embayments near the Atlantic end are 
bordered by wide (up to 7 km) muddy tidal flats, but the channels contain sand bars (and presumably 
dunes).  Sedimentologically, there are 5 components: the first two basins at the Atlantic end are tide-
dominated and sandy; the third near the junction of the NE-SW and E-W sections is muddy; the 4th is 
~1000 m deep and muddy with tills; and the 5th basin (also nearly 1000 m deep) is muddy with an 
increasing carbonate content to the west, carried in from the Pacific shelf.  Most sediment  comes from 
the ends; lateral input is negligible.  The outer half of the Atlantic segment is floored by sands mainly.  
Muds occur elsewhere and dominate at depths > ~60 m, except near the Pacific end where the 



sediments are carbonate sands.  Salinity at the Pacific entrance increased at ~8,000 BP... associated with 
loss of glaciers and less terrestrial runoff—this appears to be consistent with the lack of lateral input of 
sediment.  There is greater lateral input of clastics in the Pacific segment, due to greater rainfall.  Sea 
level was up to 3.5 m above present in the middle Holocene, 5,000-6,000 yr BP.  The Atlantic coast is 
wave dominated, with spits prograding into the mouth of the Strait.  The coastline to the south of the 
mouth is eroding, with littoral drift to the north... the sand is entering the Strait.  This erosion is 
occurring despite the ongoing RSL fall.  The opposite spit occurs to the north of the mouth.  There is 
density stratification of the water in the tributary fjords with cold but fresh surface water riding over 
saltier, warmer water in the main Strait.  The main freshwater input is from the southern side (Cordillera 
de Darwin).  Water in the Strait of Magellan is slightly fresher than the open ocean.  There is a net west 
(Pacific) to east (Atlantic) transport of water, which is in the direction of the prevailing winds that 
probably generate Pacific set-up and Atlantic set-down.  There are cross-Strait salinity gradients due to 
the Coriolis effect... fresher on the northern side where flow is to the east.  The eastward flow at the 
Atlantic mouth is ~0.5 m s-1 at the surface.  Stratification is well developed in the western segment of 
the Strait: colder, fresher water on the surface over warmer, saltier Pacific water.  The central section is 
vertically homogeneous due to mixing Atlantic and locally derived colder, fresher water.  The eastern 
section is well mixed Atlantic + local water because of strong tidal currents.  No information was 
available concerning oxygenation of the bottom water in the deep basins. 
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7—FLORIDA STAITS 

 

 

Fig. A7. Florida Straits: Bathymetry from Hamilton et al. (2005, fig. 1; © American Meteorological 
Society. Used with permission.)  Depths in metres.  Satellite image from Google Earth © and INEGI.  
(Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  The strait becomes deeper to 
the south and west, from the more passive northern limb into the tectonically active western limb, which 
occupies the north-Cuban foreland basin.  The cross-sectional profile is asymmetric, with the eastern and 
southern sides being much steeper than the Florida margin.  The dominant current through the Strait of 
Florida is the Florida Current, which becomes the Gulf Stream in the North Atlantic Ocean (e.g. Hamilton 
et al. 2005; Czeschel et al. 2012).  The Florida Current is fastest on the eastern side of the N-S segment of 
the Strait as a result of the Coriolis effect.  There is an intermittent, southward-directed current on the 
western side of the Strait (Gardner et al. 1989; Soloviev et al. 2017), the origin of which is not known.  A 
turbidity-current channel system feeds a submarine fan in the southeastern Gulf of Mexico. 

 

Length 

~720 km from southwest of Key West to the northern tip of Little Bahama Bank. 
 

Width 

The narrowest point opposite Cay Sal Bank (between Cuba and the Bahamas) is ca. 45 km from shelf to 
shelf; the Strait widens significantly to the west from there, reaching 145 km south of Key West; it also 



widens to the north to ca. 60 km off Miami and to ca. 80 km off Little Bahama Bank.  (All measurements 
are approximately at 100 m depth, so as not to include the marginal shelves). 
 

Depth 

The southern Strait is deepest (2100 m) in the west and rises gradually to the east, to 1000 m at the 
corner where it passes into the northern portion of the Strait.  The northern Strait also shallows to the 
north, being only 715 m deep at its northern end opposite Little Bahama Bank.  It is about 750-800 m 
deep in the most intensely studied section opposite Miami. 
 

Description 

The Strait has two parts with different origins: the N-S part is largely due to up-building of the carbonate 
platforms along the sides with relatively little aggradation of the axis of the Strait, whereas the E-W part 
is an extension of the north-Cuban foreland basin, bounded by the Florida carbonate platform on the 
north and the Cuban island-arc province to the south.  The bottom water in the northern Strait is colder 
and less dense than the surface water; flow speeds are up to maybe 1 m s-1 (more typically 50-60 cm 
max., but only 5-20 cm s-1 over the contourite drifts).  The northward flow occupies most of the N-S 
Strait and creates contourite drifts.  There is a flow to the south on the west side of the Strait (and on 
the adjacent Florida shelf) that is strong enough at times to generate dunes 1-6 m high; there may also 
be a contourite drift on the west side.  Cold-water coral mounds occur in the deep eastern side of the N-
S segment of the Strait and are nucleated on bedrock blocks transported into the Strait from large slump 
failures on the flank of the Bahamas platform.  All sediment in the N-S segment is carbonate sand to 
ooze that is shed from shallow water, especially from the top of the Bahamas platform.  There is 
significant seasonal and shorter-term variation in the water flux, the cause of which is not certain; 
seasonal changes are thought to be due either to the strength of the Trade Winds in the equatorial belt, 
feeding water into the Caribbean, or to local winds.  The tides in the Strait are complex and the details of 
their nature are uncertain. 
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8—LONG ISLAND SOUND/EAST RIVER 

 

 

Fig A8. Long Island Sound/East River: Bathymetry modified from Knebel et al. (1999, fig. 2; copyright 
Elsevier; used with permission; data originally from U.S. Geological Survey maps 40073-E1-TB100 Long 
Island West and 41073-A1-TB-100 Bridgeport, and U.S. National Ocean Service maps F75 Long Island 
East and F99 New Haven). Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, 
U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  Strong tidal currents at the eastern entrance, 
termed ‘The Race’, have constructed a series of elongate tidal sand ridges, separated by elongate 
depressions, that together form a large constriction-related delta (CRD), the western edge of which is 
shown by the dashed yellow line.  Large to very large subaqueous dunes are widespread in this area 
(Bokuniewicz et al. 1977).  The wider, deeper basin to the west is floored by muddier sediment (Knebel et 
al. 1999; Knebel & Poppe 2000).  There are also strong tidal currents in the narrow East River (Gunawan 
et al. 2014).  There is a residual estuarine circulation in the East River and Long Island Sound, with 
easterly flow at the surface, and westward flow near the bottom, driven by freshwater input by the 
Hudson River (Blumberg & Pritchard 1997; Blumberg et al. 1999; Signell et al. 2000). 

 

Length 

Total length ~ 230 km, including the very tortuous, narrow western part (East River).  The main wide 
part of the Sound is about 150 km long from the eastern narrows, The Race, to the dramatic narrowing 
at its western end.  The East River by itself is ~25 km long. 
 

Width 



The system is narrowest at its western end (in New York City) where it is only 0.5 km wide (= the East 
River). There is another narrows at its eastern end, where it is ~ 13 km wide, called ‘The Race’.  The 
wider central part of Long Island Sound is 32.5 km wide.  
 

Depth 

Average water depth of main body of Long Island Sound is 24 m, with a 30-60 m-deep axial depression.  
Depths reach 100 m at the eastern end.  East River has a mean depth of 10 m, and a maximum depth 
>30 m. 
 

Description 

The southern side of Long Island Sound is a cuesta of Cretaceous rocks, with the Sound lying along the 
Cretaceous-Paleozoic basement contact.  A series of Quaternary glacial end moraines runs parallel to 
the length of Long Island.  After the glacier retreated, the Sound was occupied by a glacial lake; lake 
sediments reach 150 m thick locally.   The lake drained by 15,500 yr BP.  Outwash deltas are widespread 
along the northern side of the Sound.  The lake was followed by a fluvial system, then by an estuary by 
~13,500 yr BP.  There has been extensive tidal erosion (up to 15 m removed), especially at the eastern 
end of the Sound.  System is in 1/4 wavelength resonance with the M2 tide, so tidal ranges increase 
inward (i.e., it is hypersynchronous) from 0.8 m at The Race to 2.6 m at the west end of the Sound 
during springs.  The tidal range decreases to ~1.25-1.4 m at New York harbour.  In the East River, tidal 
currents are greater than 2 m s-1 (5-minute average 2.4 m s-1 was recorded near the western end) in the 
narrower western end; they reach 1 m s-1 in the broader eastern end.  At one measuring site, there was 
a flood-tide dominance (i.e., toward Long Island Sound).  Salinity in the East River increases toward Long 
Island Sound.  There is weak thermal and salinity stratification in Long Island Sound in the spring and 
summer, but this is destroyed by surface cooling in the winter.  There is no stratification at The Race 
because of strong tidal mixing.  The inner end of the Sound is 5-6 ppt less saline than the mouth.  The 
East River is well mixed to weakly stratified in the western part where currents are strongest.  Surface 
tidal currents at The Race are 1.2 m s-1 at springs, reaching 1.6 m s-1.  In the wider parts of the Sound, 
they are typically only 0.2-0.3 m s-1.  The flood is shorter than the ebb by about 15 minutes, so there 
should be a general flood dominance.  There is a weak estuarine circulation (eastward at the surface, 
westward at the bottom with speeds of 5-10 cm s-1.  The bottom environments are (from the entrance 
at The Race, westward): areas of gravelly sediments in areas of erosion and non-deposition near The 
Race; sands in areas of bedload transport and sediment sorting; to deposition of fine-grained sediment 
in the central and eastern basins.  There is a large area of large dunes (heights to 4 m) just inside the 
entrance to LIS, like a subaqueous flood-tidal delta (i.e., a CRD).  This pattern defines a tidal transport 
path entering the Sound.  Speeds decrease westward from The Race and there is a general westerly 
transport of sediment, due to tidal-current asymmetry (the standard deformation of the tidal wave in 
shallow water), coupled with estuarine circulation (westward inflow of saltier water).  The net flow in 
East River is also to the west.  The flow at the connection with Long Island Sound is stratified, but the 
bottom flow to the west is greater than the surface flow to the east.  Flows reverse for days at a time.  
The main driver is the head difference between the two ends of the ‘river’, which is due to tides and 
wind set-up/set-down.  The bed of the East River is floored by bedrock, gravel, gravelly sand, sand and 
shell debris, with local mussel and Serpulid worm colonies.  Dunes are likely present.  There is a delta of 
coarse sediment where the East River enters New York harbor.  There is net landward sediment 
movement into New York Harbor from the sea, forming a flood-tidal delta at The Narrows. 
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9—MINAS PASSAGE/MINAS CHANNEL, BAY OF FUNDY 

 

 

Fig. A9. Minas Passage and Channel: Bathymetry modified from Shaw et al. (2012, fig. 2; copyright 
Elsevier; used with permission).  Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, 
NOAA, U.S. Navy, NGA, GEBCO.  Image: Maxar Technologie, CNES/Airbus).  The location of the Minas 
Passage is constrained on its south side by the North Mountain Basalt (Jurassic), that has been folded 
into a westerly plunging syncline.  The Minas Channel cuts across the trend of this unit.  Flow in Minas 
Passage and Minas Channel is strongly tide-dominated; if there is any residual flow because of 
freshwater discharge within the Minas Basin to the east, it has not yet been documented.  The tidal 
currents have constructed a poorly defined ebb-tidal delta in the transition from Minas Passage to the 
Minas Channel, with a central ebb-dominant channel, flanked to the SE by a flood-dominant, marginal 
channel.  The elongate tidal bar between the two channels is analogous to a ‘channel-margin linear bar’ 
in the Hayes model for ebb-tidal deltas.  (Compare with the ebb-tidal delta at the mouth of the Golden 
Gate Inlet).  The closed 20 m isobath to the west of the prominent headland, Cape d’Or, is a banner bank 
that formed in recirculating eddy shed by this headland. 

 

Length 

Minas Passage: ~15 km; Minas Channel: ~ 35 km, sinuous 
 

Width 



Minas Passage: minimum 4.5 km, funnel-shaped at both ends; Minas Channel: minimum 13.4 km, 
sinuous 
 

Depth 

Deepest scour at the narrowest point: 170 m deep.  Minas Basin average 19 m; most of its area is 20-50 
m deep, with localized deeper tidal scours. 
 

Description 

This channel, located at the mouth of the Minas Basin arm of the Bay of Fundy, lies along a major 
geologic tectonic suture within the Appalachians.  This Cobequid-Chedabucto fault experienced left-
lateral strike-slip movement during the failed opening of the Bay of Fundy rift in the early to mid-
Triassic.  Synrift sedimentation in the rift basin (a half graben) was initially lacustrine, with fluvial input 
from the north side, that extended into the Jurassic.  An extrusive basalt unit formed (the North 
Mountain Basalt) and was then gently folded to form the hook-like peninsula that separates the Minas 
Basin from the main Bay of Fundy.  These rocks are gently folded into a syncline.  The Minas Passage and 
Channel is a breach in this basalt layer that is the result of post-depositional normal faulting (the so-
called Minas Fault).  The area was entirely glaciated, and experienced complex changes in glacial flow 
directions.  It was deglaciated by ~14,000 yr BP.  Sea level was initially higher than today, then fell to a 
lowstand before rising to the present level.  Tidal range has been increasing from mesotidal over the last 
5000 years, but there appears to have been a ‘sudden’ increase in range in the Minas Basin because of 
the destruction of a gravel barrier at Minas Passage.  Since the barrier's destruction, 4.4 km3 of sediment 
has been removed by erosion.  Now, the natural period of the Bay of Fundy-Gulf of Maine system is ~ 13 
hours, which is close to the dominant, M2 period.  Tidal ranges in Minas Basin average 12.4 m; maximum 
range is 16.2 m.  Time and depth-averaged tidal current speeds are up to 3.3 m s-1; maximum speeds are 
4-5 m s-1, decreasing into Minas Basin to 1.5 m s-1.  (Numerical models predict maximum speeds in 
MInas Passage up to 5.2 m s-1).  Suspended-sediment concentrations are 10-30 g/m3 in winter; <10 g/m3 
in summer.  The strongest currents occur at the narrowest part of Minas Passage, but also off the tip of 
Cape d'Or on the north side of Minas Channel.  These are the areas with the deepest scours.  Southeast 
of Cape d'Or, there is a mutually evasive pair of scours.  Residual circulation results show two oppositely 
directed gyres, a counter-clockwise one outside Minas Passage, and a clockwise one in the southern 
Minas Basin.  There is a parting at the west end of Minas Passage, approximately opposite the tip of 
Cape Split.  In Minas Passage, flood dominance occurs along the northern half, whereas ebb dominance 
occurs along the southern side.  In the Minas Channel, residual transport is to the east (flood-dominant) 
in the southern half, and to the west (ebb-dominant) to the north.  These two transport paths are 
separated by an elongate tidal ridge that is analogous to the ‘channel-margin linear bar’ of the ebb-tidal 
delta model.  Minas Basin imports coarse sediment, but exports suspended sediment.  The scour 
troughs are incised into an area that is generally 20-30 m deep.  The main trough shallows and 
bifurcates to both the east and west.  There are smaller scour toughs near Cape d'Or; they are scoured 
~25 m down from the original surface.  They have sharp edges.  They are cut into glaciomarine 
sediments that are composed mainly of mud.  The scour is floored with bedrock, till, glaciomarine 
sediments and coarse gravel/boulders.  Gravel dunes reach heights of 25 m.  Paired banner banks occur 
at Chignecto Cape and Cape d'Or.  The bank at the tip of Cape Split has dunes migrating on opposite 
directions on either side, in a counter-clockwise sense; it is composed of coarse to very coarse sand.  
There is a gravel bank on the north flank of Cape Split.  All of the banks lie in levee-like locations relative 
to the main scour, or between the main scour and the smaller scours.  There is no ‘terminal lobe’ as in a 



tidal delta.  There is not much swath bathymetric coverage from Minas Basin, but no dune fields are 
shown.    It is possible that the Minas Basin has lower salinities than the main Bay of Fundy because of 
river discharge, but there is no report of any estuarine circulation; the tidal mixing is probably too great. 
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10—NORTHUMBERLAND STRAIT 

 

 

Fig. A10. Northumberland Strait: Bathymetric contours reproduced with permission of Canadian Science 
Publishing from Kranck (1972a, fig. 1); permission conveyed through Copyright Clearance Center Inc.  
Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  
Image: Landsat/Copernicus).  The Strait as a whole follows the strike of the Permo-Carboniferous 
bedrock.   The curvilinear depressions at the central narrows are thought to be originally of fluvial origin, 
cut during the sea-level lowstand.  Because the tidal currents are not particularly strong, there is no 
pronounced deep scour at the narrowest point.  The residual transport diverges from the central narrows 
because of tidal-current asymmetries associated with the tide entering the Strait from both ends (Lauzier 
1965; Crowley 1969; Kranck 1972b).  Wave energy is weak within the Strait, but a large spit has been 
constructed by waves at the eastern tip of Prince Edward Island. 

 

Length 

Total length (tip to tip of PEI): 320 km; narrower part: 215 km long. 
 

Width 



Narrowest part (at bridge): 14.5 km; narrows at west end: 21.5 km; narrows at east end: 20.5 km; 
maximum width: 41.5 km 
 

Depth 

Western part: 10-20 m deep; eastern part: > 30 m; shallowest area (~15 km east of the narrows): 18 m 
deep.  There is a curved, linear deep area south of the east end of PEI where depths reach > 50 m.  
 

Description 

Northumberland Strait supposedly follows the course of river valleys, perhaps deepened further by 
glaciation.  There is a paleo-drainage divide at the location of the bridge which is located at the 
narrowest point, with river valleys heading both west (shorter) and east (longer and deeper).  The 
course of the Strait approximately follows the strike of the Permo-Carboniferous strata that dip gently 
northward into the Gulf of St. Lawrence, with the Strait following the more easily eroded strata.  The 
thalweg of the western valley is at ~ - 20-40 m; the thalweg of the eastern valley is ~ - 40-60 m.  The sea-
level lowstand associated with the forebulge was at 5400 years BP at - 15.5 m; since then, there has 
been sea-level rise.    The tide enters the strait from both ends, and are 5 hours out of phase.  Tides are 
more hypersynchronous in the eastern part of the strait, generating larger tides to the east of the 
narrows than at either end.  Tidal range at east end ~ 2 m, whereas near the west end it is 0.6 m.  The 
Coriolis effect has a small but detectable influence on the tides, making them slightly larger on the PEI 
side.  At the narrows, the mean and large tidal ranges are 1.5 m and 2.25 m.  Peak tidal-current speeds 
are ~1 m s-1 at this location.  The system is thought to be ebb dominated everywhere, which would 
mean that transport diverges from the point where the tides entering from both ends meet, which is a 
point 3/4 of the way from the east end.  There is a residual flow from west to east through the Strait.  
The water is brackish throughout because of river input.  The bottom sediments are well correlated with 
average maximum tidal-current speed.  Sand (and gravel) occur at the 3 narrow locations (at the central 
narrows, and at headlands at the west and east ends of the Island), while mud accumulates in the wider 
areas with slower currents.  Mud deposition along the southern side has been ongoing since most 
recent flooding ca. 3000 years ago, with mud thicknesses reaching > 3 m.   
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11—STRAITS OF MACKINAC 

 

 

Fig. A11. Straits of Mackinac: (A) General setting of the Straits of Mackinac.  (B) Detailed bathymetry 
modified from Anderson & Schwab (2013, fig. 1; copyright Elsevier; used with permission).  Depths in 
metres.  Satellite images from Google Earth ©.  (Image: NOAA, Landsat/Copernicus).  The curvilinear, 
elongate axial depression through the strait that passes north of the islands at the east end is of fluvial 
origin, with erosion occurring most recently during a low lake-level stage following shortly after 
deglaciation because of isostatic rebound.  The strongest currents are of meteorological origin and show 
prominent reversals at periods longer than tidal (Anderson & Schwab 2013); the red dot in (B) shows the 
location at which the currents shown in Fig. 15 were obtained.  The residual flow is ‘estuarine’ in 
character, with surface outflow toward the east [white dashed lines in (A)], and inward (westward) flow 
at the bed (Saylor & Sloss 1976; Quinn 1977).  This circulation is driven by the freshwater input to Lake 
Michigan. 

 

Length 

Complex pattern because of island at east end, around which the channel splits.  ~70 km long going to 
the north of the islands; ~61 km long to the south of islands (South Channel). 
 

Width 



5.6 km N-S at narrowest; absolute narrowest point is 4 km E-W from island to north shore; South 
Channel to ESE is ~ 6 km wide at narrowest.  Saylor and Sloss (1976) give cross-sectional area as a 
function of depth. 
 

Depth 

45-50 m deep (maximum 88 m) in the central, V-shaped channel. 
 

Description 

Bedrock (Silurian and Devonian carbonates and shales) strikes parallel to the Straits and dips to the 
south, into the Michigan Basin.  The main bedrock unit beneath the Straits is the Makinaw Breccia that 
was generated by salt-solution collapse affecting Silurian to middle Devonian strata.  A buried river 
channel passes through the Straits, bending northward around the islands to the east of the main 
narrows.  Along much of its length, it is only 400-800 m wide.  Its age is unknown-- it might be pre-
glacial, interglacial and/or post-glacial during a low-lake-level phase.  The most recent period of 
occupation was during the Lake Chippewa phase ~9800 yr PB, a lacustrine low-level phase caused by 
isostatic rebound following deglaciation.  Lake level then rose of Nippissing highstand (~3-4 m above 
present), and then fell to modern level, which has existed for the last ~ 4000 years.  The Straits have 
existed since ~8150 yr BP.    In nearby areas to the southwest, shallow water has sand/gravel/bedrock 
due to wave action, whereas deeper water contains mud.  Winter ice reaches an average maximum 
thickness of 18 inches, with maximum thicknesses of 30 inches.     There is little vertical stratification in 
the Atlantic half of the Strait, but strong stratification in the narrow western half.  Some of the deep 
water might be more or less stagnant.  There is eastward flow in the warmer surface layer, and slower 
eastward or even westward flow in the denser lower layer.  Maximum speeds in each direction are ~8 
cm s-1: average eastward is 4.5 cm s-1; average westward 2.8 cm s-1.  Net flow is out of Lake Michigan.  
There are significant flow reversals with instantaneous discharges 30-40 times the averages-- maximum 
recorded current was 110 cm s-1, currents unlike anywhere else in the Great Lakes.  Reversals at inertial, 
semidiurnal tidal and seiche periods for both lakes (Michigan-- 8.8 hours; Huron-- 6.8 hours).  Seiches 
cause water-elevation differences (up to ~ 10 cm) between the two lakes.  Seiches are due to 
meteorological forcing due to the passage of atmospheric systems.  In the open lake, suspended-
sediment concentrations are 0.5-2 mg/l.  There is some authigenic calcite precipitation in ‘whitings’ in 
the late summer.  There is up to 4-5 m of ‘lake clay’ overlying till in the narrows.  Modern mud is 
apparently absent from the Straits; there might be a thin veneer of sand in the Straits due to modern 
winnowing.  Bottom sediments in the Straits are <10% finer than 60 microns.  I did not discover any 
detailed surveys showing the presence/absence of bedforms in the Straits 
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12—HUDSON STAIT 

 

 

Fig. A12. Hudson Strait: Bathymetry from Andrews & MacLean (2003, fig. 1; © 2003 Taylor & Francis; 
bathymetry originally from MacLean (2001), Natural Resources Canada – Open Government Licence-
Canada).  Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.A. Navy, NGA, 
GEBCO.  Image: IBCAO, Landsat/Copernicus).  Hudson Strait was the main exit pathway for ice flowing 
northeastward away from the ice domes in northern Canada (Andrews & MacLean 2003).  Deep glacial 
scour occurred.  This channel also experienced extreme flow events associated with the catastrophic 
drainage of glacial Lake Agassiz (Lajeunesse & St-Onge 2008).  It was a major conduit for sediment 
export during glacial periods.  The persistent modern flow is driven by the freshwater discharge from 
Hudson Bay, which creates a strong eastward current along the southern coast because of the Coriolis 
effect (Drinkwater 1986, 1988; Straneo & Saucier 2008).  There is a compensating inward flow along the 
northern margin.  A major deep-sea turbidite system originates at the shelf edge, at the mouth of 
Hudson Strait.  It was active during the glacial maximum.  

 

Length 

750 km-- nearly straight, but slightly curved at its western end. 
 

Width 

62 km at its eastern end (off the tip of Ungava Peninsula).  115-150 km wide through most of its length.  
Western end complicated by several islands; main southern opening 53 km wide.  Ungava Bay along the 
southeastern margin of the Strait has a mouth that is 250 km wide. 
 

https://can01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fopen.canada.ca%2Fen%2Fopen-government-licence-canada&data=04%7C01%7Cdalrympl%40queensu.ca%7C7fd2a2cacae5497fc5fb08d8e7e5245a%7Cd61ecb3b38b142d582c4efb2838b925c%7C1%7C1%7C637514318648963957%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=wnU9rmFC%2BAQF8PzI3bImIX2JZtBBkA858GzMc5KzWMg%3D&reserved=0
https://can01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fopen.canada.ca%2Fen%2Fopen-government-licence-canada&data=04%7C01%7Cdalrympl%40queensu.ca%7C7fd2a2cacae5497fc5fb08d8e7e5245a%7Cd61ecb3b38b142d582c4efb2838b925c%7C1%7C1%7C637514318648963957%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=wnU9rmFC%2BAQF8PzI3bImIX2JZtBBkA858GzMc5KzWMg%3D&reserved=0


Depth 

The Strait has a U-shaped cross section, with maximum depths of 300-400 m through most of the Strait, 
but reaching > 900 m at the eastern end. 
 

Description 

The Strait lies along an ancient tectonic lineament, separating two Precambrian crustal blocks.  It was a 
depression in the Paleozoic, and was reactivated as a failed rift (i.e. an aulacogen) during opening of the 
Labrador Sea in the early Cenozoic.  It was the main outflow location for ice from the Laurentide 
Icesheet.  There is a strong, net outward flow (0.3 m s-1) along the southern (Quebec) shore and a 
weaker, net inward flow along the northern shore.  The outflow forms 15% of the volume and 50% of 
the fresh water in the Labrador Current.  Tidal current speeds are generally 0.2-1 m s-1 but reach 2 m s-1 
at the eastern end of the Strait.  Unconsolidated sediments reach > 130 m thick in the western and 
eastern deeps.  Acoustically transparent deposits interpreted to be till are the mot widespread and 
thickest.  There are multiple ‘till tongues’ that interfinger with glacio-marine deposits.  Glacio-marine 
deposits also overlie the till tongues.  Glacial-fluvial outwash is also important at the eastern and 
western ends. Final deglaciation occurred by ~11,000-12,000 yr BP. There is ice cover from mid-
November until early August.  From generalized core logs, the surface sediment drape, which is 1-5 m 
thick (commonly > 4 m), consists of fine-grained, muddy sediment with some shells and abundant 
burrows.  Diffuse lamination is present locally.   There is minor evidence of slumping of the margins of 
the strait.  Current-generated bedforms have not been reported. 
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13—KATTEGAT/SKAGERRAK 

 

 

Fig. A13. Kattegat and Skagerrak: Bathymetry simplified modified after Kuijpers et al. (1993, fig. 1; 
copyright Elsevier; used with permission).  Depths in metres.  Satellite image from Google Earth ©.  
(Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  The Skagerrak between 
Norway and Denmark was occupied by a glacial ice stream (Rise et al.1996; Larsson & Stevens 2008) and 
is a fjord.  The Kateggat was not deeply scoured by ice.  It was occupied by a (subglacial?) meltwater 
drainage channel, and by rivers during the post-glacial lowstand (Lykke-Andersen et al. 1993; Bennike et 
al. 2004).  The strongest currents through the Kattegat and its various channels are the result of 
meteorological forcing (Büchmann et al. 2011; Haid et al. 2020).  The residual currents are an estuarine 
circulation driven by the freshwater discharge from the Baltic Sea (Gustafsson & Stigebrandt 1996; Sayin 
& Krauss 1996; Mattsson 1996; Rodhe 1996), with outward flow on the top, and inward flow at the 
bottom in the Kattegat.  In the Skaggerak, the outward flow hugs the northern shore, while the inward 
flow is banked up against the southern margin (Rodhe 1987, 1996) because of the Coriolis effect.  The 
rectangle shows the location of Figs. 17D, and the dashed red arrow in the Kattegat shows the line of 
section in Fig. 16.  The wave-formed Skagen spit is probably the largest sand body in this strait. 



 

Length 

Skagerrak: ~260 km long NE-SW.  Kattegat: Most direct route through narrow passage into the Baltic, 
around the southern tip of Sweden-- 610 km. 
 

Width 

Skagerrak: 110 km, nearly parallel sided.  Kattegat: 55 km at its northern end; widest central part-- 120 
km; widest narrow passage-- 16.5 km; narrowest point on second passage (Øresund)-- 4 km; narrowest 
passage--~ 1 km wide; off the southern tip of Sweden-- 170 km wide, N-S. 
 

Depth 

Skagerrak: up to 700 m; average 210 m; has a fjord-like morphology.  Kattegat: Most of the strait is < 50 
m deep-- mean depth 23 m, and only narrow channels are not < 20 m deep; ~ 100 m in north, ~50 m in 
south.  The narrow channels in the south-- the deepest point is 75 m.  Sill depth at the southern end of 
the main channel is 25.5 m. 
 

Description 

The Skagerrak follows a late Paleozoic graben that is continuous with the Oslo graben.  It is a pull-apart 
basin associated with dextral strike-slip movement on a fault zone (NW-SE-trending Sorgenfrei-Tomquist 
Zone) that is approximately parallel to the Danish Straits (Kattegat, etc.).  This later zone is the present-
day contact between sedimentary rocks in Denmark and exposed Precambrian rocks in Sweden.  The 
structure has been reactivated by the Alpine Orogeny, and opening of the Atlantic Ocean.  The faults in 
the Kattegat region are still active today.  The chain of islands at the SE end of the Kattegat are due to 
Mesozoic inversion, dissected by fluvial and glacio-fluvial erosion.  The main erosion of the Skagerrak is 
due to Pleistocene glaciations; channels in the Kattegat are thought to have originated as subglacial 
meltwater channels.  The Skagerrak was ice free by 14-13,000 yr BP.  The Kattegat was initially exposed 
after glacial retreat, and didn't open as a marine strait until ~8500 yr BP; marine sedimentation was 
preceded by a lake phase in the Baltic.  The Kattegat might not have been completely covered by ice; 
tills are only present in a belt 40-50 km out from Sweden.  Others place the glacial limit in mainland 
Denmark.  The northern Kattegat was inundated by 14,000 yr BP.  There is 2-layer ‘estuarine’ circulation, 
with the pycnocline at 15-20 m depth.  The present-day current pattern probably started 4,000 yr BP.  It 
is mainly driven by outflow from the Baltic, with strong wind-driven episodic flows.  Surface salinity 
increases northward: there is a very strong salinity gradient through the Danish Straits.  Surface salinity 
is 15-30 ppt; the salinity of the Baltic Sea water is 8-15 ppt.  Deep water has a salinity of 32-34 ppt.  Tidal 
range is < 0.4 m; meteorological water-level fluctuations are as much as ± 1.5 m.  There is very little 
sediment supply from land.  Suspended sediment is carried in from both the North Sea and Baltic.  The 
latter sediment is deposited immediately north of the narrow passages in the southernmost Baltic Sea.  
Shallow-water sediments are coarser than those in deeper water.  There may be little or no 
sedimentation in shallow water.  Holocene deposits are thin in the Kattegat... only a few metres thick at 
most.  Sediments in the Kattegat are silty at depths > 20 m (the pycnocline), except in current-swept 
channels.  In the central part of the Kattegat, there are subaqueous dunes 10-15 m high.  Holocene 
deposits in the Skagerrak are up to 70 m thick.  They are weakly stratified, and accumulate mainly in 



topographic lows... they don't drape the topography, due to the influence of bottom currents. Bottom-
current activity started ~8,000 yr BP.  In the Skagerrak, flow is counter-clockwise at all depths (inward 
along the Danish coast; outward along the Norwegian coast), with speeds maximum at a depth of ~400 
m, but extending to the surface.  Surface speeds can reach 1-1.5 m s-1, and generate dunes at depths 
below the wave-dominated shoreface.  Along the southern Skagerrak shoreline, there are current-
generated dunes (heights < 2 m) in sand down to a depth of at least 70 m.  Speeds inferred to reach 1 m 
s-1; such events occur only infrequently-- once every few months due to meteorological events. The flow 
reverses at times.  Wave-generated structures occur down to 25-30 m.  Strong longshore drift to the 
east (inward) along the Danish coast, that has constructed large Skagen Spit at the Skagerrak-Kattegat 
junction.  Muddy fine sand occurs below 75 m; Holocene sediment in the Skagerrak ranges from 0-100 
m thick.  Pockmarks are common; some are elongated (= comet marks) due to the current in water 
depths of 100-500 m on the Danish side of the Skagerrak.  There are also clay diapirs associated with 
some pockmarks.  Two references talk about ‘sand waves’ on the Danish side of the Skagerrak to depths 
of 270 m, but the seismic sections strongly imply that they are muddy sediment waves!  There is an area 
nearby that has experienced contour-parallel erosion/non-deposition because of contour currents.  
(Similar contourite drifts occur in the Baltic Sea).  Their crests are ~parallel to the depth contours-- part 
of a contourite sediment drift?  Tidal currents in the Kattegat are < 40 cm s-1.  Wind-generated flows can 
reach 3.9 m s-1, and can flow in either direction; these ‘instantaneous’ flows exceed the net flow by an 
order of magnitude.  During weak winds, flow is stratified, but during strong winds, flow is not stratified.  
Sand bodies have accumulated at the northern (seaward) end of the narrow channels at the southern 
end of the Kateggat that are up to 10+ m thick that are building northward with foreset-like bedding-- 
like an ebb-tidal delta.  In the narrow straits, current-generated features include: erosional areas, dunes, 
sand ribbons and comet marks.  The dunes are only active very infrequently.  In the widest narrow 
channel, it appears that outflow is mainly on the east side, with inflow on the west side.  The width of 
the Skagerrak is 10 times the internal Rosby radius (which is 10 km), hence the strong counter-clockwise 
circulation.  From the Baltic Sea to the centre of the Skagerrak, there is an ~14 cm head difference, 
driving outflow form the Baltic.  Surge-like events from the Atlantic can cause strong southerly flows in 
the Danish straits.  Rising sea level increases the inflow of salty oxygenated water; the deeper channels 
are the main inflow sites.  This inflow carries mud from the North Sea into the Baltic.  Stronger outflow 
leads to stronger inflow.  The southern sill has an elongate scour depression in its centre.  The islands of 
the Danish Straits create significant flow resistance.  Ice is present in the Danish Straits for only 5-10 
days each year.   
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14—MENAI STRAIT, WALES 

 

 

Fig. A14. Menai Strait: Bathymetry modified after Davies & Robins (2017, fig. 1a; copyright Elsevier; used 
with permission).  Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, 
NGA, GEBCO.  Image: CNES/Airbus).  No systematic bathymetric data were obtained for the full length of 
the Strait itself.  The Strait is interpreted to occupy coalesced, lowstand fluvial channels.  Estuaries 
occurred at the ends of the channel earlier in the transgression (Roberts et al. 2011).  A wave-dominated, 
barrier-inlet system occurs at the southern end, because of exposure to strong wave action, whereas a 
tide-dominated system occurs at the northern end, because of sheltering from the strongest waves by 
Anglesey.  Strong tidal currents occur along the entire length of the Strait, but phase differences between 
the two ends of the channel generate a southward-directed residual current (Harvey 1968; Campbell et 
al. 1998; Davies & Robins 2017). 

 

Length 

28 km long; slightly sinuous course-- two NE-SW-oriented sections, joined by a narrow, nearly N-S 
segment. 
 

Width 



Nearly parallel sided, but generally widens to the SW.  Mean width ~800 m.  Narrowest points 230 m 
and 320 m wide.  Over 1 km wide behind spits at southwestern end.  Southwestern end nearly closed by 
two spits prograding from the north and south sides, like a tidal inlet.  There appears to be a flood-tidal 
delta built into the Strait.  The northeastern end is funnel-shaped and shallow. 
 

Depth 

6-25 m, depending on bedrock depth.  Maximum depth in the Strait itself is 22 m, but depths reach 25 m 
deep in the inlet at the southern mouth (the Fort Belan tidal inlet). 
 

Description 

Strait lies along trace of major fault system (Menai Strait Fault System) that is a geological terrane 
boundary from the Paleozoic.  The Strait runs along the trace of Carboniferous limestones.  The channel 
is thought to have been scoured initially by two rivers, one flowing to the SW, the other to the NE, that 
were joined by stream capture by headward erosion by the river flowing to the NE.  Glacial ice flow was 
to the SW, parallel to the Strait.  There may be thin till and fluvio-glacial deposits beneath a 
discontinuous cover of modern tidal sands.  The tidal excursion length is 14 km.  With rising sea level, 
the Strait was breached at 8.6-8.2 Ka ago.  The NE end of the Strait was a flood-dominant estuary before 
breaching of the divide, and is now an ebb-tidal delta.  There is also an ebb-tidal delta offshore from the 
barrier spits at the SW end of the Strait, but it is much smaller than the one at the NE end.  The 
narrowest constriction is shallow and current speeds there reach 2.5 m s-1.    Atmospheric pressure (and 
secondarily the wind) influences mean water levels in the Strait, causing differences of ~ 40 cm between 
the two ends.  Net water flow is toward the SW, with a residual velocity of 15 cm s-1.  Tidal range near 
the narrows is 6.6 m and 3.4 m at springs and neaps, respectively; at the SW end the ranges are 4.1 m 
(springs) and 1.8 m (neaps) (i.e., the system is hypersynchronous).  The mean tidal range for the M2 is 
1.6 m at the SW end, and 2.5 m at the NE end.  Maximum tidal current speeds are 0.8 m s-1 to NE, and 
1.2 m s-1 to the SW.  There appears to an overall increase in tidal range from the SW to the NE end, with 
a later high water at the NE end; there is a phase delay of ~40 minutes for passage around Anglesey; 
thus, there is the meeting of two tidal waves within the Strait.  The higher tidal range at the NE end is 
due to greater resonance in the Irish Sea to the north.  Ebb currents are 10-15% stronger than the flood.  
There is negligible freshwater input.  The residual flow can be reversed during strong winds blowing 
toward the NE.  The Stokes Drift is the most important contribution to the net flow to the SW.  Turbidity 
is mainly controlled by wind strength, presumably due to wave resuspension.  There are tidal sand bars 
near the southern end, with dunes on the flank of the channel thalweg.  The thalweg seems to be 
sediment starved (a gravel bed) and the dunes are small, whereas the flank near a sand bar has 
abundant dunes that are larger where the sand is more abundant.  The net southerly transport of sand, 
which extends through the main channel at the very northern end of the Strait, should leave the 
northern part of the Strait sediment-starved (the sediment is gravelly there), and lead to sand 
accumulation at the southern end, which is what seems to be the case in the Google Earth © images.  In 
numerical-model results, there is no transport at all in the northern third of the Strait, in which case the 
northern ebb-tidal delta is relict.  There is 3-8 m of vertical accumulation of sand inside the SW end of 
the Strait, and up to 40 m of accumulation at the northern end.  The amount of aggradation decreases 
northward in the Strait itself.  The sand in the southern part of the Strait has a mean size in fine sand, 
but it must be coarser fine sand because dunes are widespread. 
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15—ENGLISH CHANNEL/STRAIT OF DOVER 

 

 

Fig. A15. English Channel and Strait of Dover: Bathymetry modified after Gibbard & Lautridou (2003, fig. 
1; © 2003 John Wiley & Sons, Ltd.).  Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, 
NOAA, U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  The elongate depression that runs along 
the axis of the English Channel is interpreted to represent a fluvially formed valley that was eroded 
during the glacial lowstand (= the Channel River; Antoine et al. 2003).  The strong M2 tidal currents that 
flow E-W along the length of the Channel are modulated by the M4 tidal harmonic (Howarth 1982; 
Harris et al. 1995) to generate residual transport paths that diverge at a bedload parting in the centre of 
the Channel and converge at a bedload convergence to the west of the Strait of Dover (Johnson et al. 
1982).  Note that the Strait of Dover not associated with a bedload parting as might be expected.  
Instead, there is a bedload convergence at or immediately to the west of the narrowest point (Johnson et 
al. 1982). 

 

Length 

520 km long 
 

Width 

The Channel widens westward.  It is 160 km wide at its western end; 30 km wide at the Strait of Dover.  
It is 90 km wide at the location of the maximum current speeds, off the tip of the Cotentin Peninsula.  It 
is 165 km wide at the Bay of the Seine, and 190 km wide in the Bay of Normandy. 
 



Depth 

The Channel deepens westward; its western end (at Cornwall) is ca. 100 m deep.  It is ca. 30 m deep in 
the Strait of Dover, increasing westward to 130 m at the shelf-slope break. 
 

Description 

The English Channel runs parallel to old basement faults that originated during the Hercynian-Variscan 
Orogeny (late Paleozoic) that were inverted during the late Mesozoic and Cenozoic (Alpine orogeny).  
The Channel was exposed during glacia’lowstands and a river flowed westward down its axis (the 
Channel River).  The connection through the Strait of Dover is thought to be due to catastrophic 
drainage of an ice-dammed lake in the southern North Sea.  The main tidal wave enters from the 
Atlantic Ocean; a smaller one enters through the Strait of Dover.  Tidal ranges are larger on the French 
coast because of the Coriolis effect.  At the Strait of Dover, the tidal range is ~ 6 m, and the peak tidal 
currents are ~1.3 m s-1.  Current speeds are generally fastest at headlands and weaker in embayments, 
but tidal ranges are commonly largest in funnel-shaped embayments such as the Brittany-Normandy 
Gulf.  There are two tidal-current maxima: off the tip of Cotentin Peninsula in the central Channel, and in 
the Strait of Dover.  The western Channel has residual transport to the west; the eastern Channel has 
transport to the east, with a bedload parting in the centre.  There is a bedload convergence in (or just 
SW of) the Strait of Dover... NOT a parting as is otherwise a common feature of constrictions.  In detail, 
the flow through the Strait of Dover is like an ebb jet, with ebb-dominated (westerly) transport in the 
middle, and flood-dominated (easterly) transport along both shores.  The Strait of Dover appears to be a 
bypass zone because it lies within a sediment-transport pathway.  The area of the bedload parting in the 
central Channel is sediment deficient with a gravel lag exposed over large areas.  Sand abundance 
increases outward from the parting.  Grain size correlates generally with peak tidal-current speeds.  The 
Channel is the primary basis for the tidal transport-path model of Belderson et al. (1992; see Fig. 24).  
Modern carbonate sediment is more abundant in the west.  The suspended sediment moves eastward, 
from the western Channel into the eastern Channel, and from there into the southern North Sea.  Thus, 
the suspended and bedload sediments do not move in the same direction. 
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16—STRAIT OF GIBRALTAR 

 

 

Fig. A16. Strait of Gibraltar: (A) General setting of the Strait of Gibraltar.  (B) Detailed bathymetry taken 
from Kinder & Bryden (1990, fig. 1; reproduced with permission of Springer Nature).  Depths in metres.  
Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: 
Landsat/Copernicus).  There are strong tidal currents in the Strait of Gibraltar, but flow is dominated by 
the Mediterranean Outflow (Kinder & Bryden 1990; Price et al. 1993; Baringer & Price 1999), a dense 
current generated by excess evaporation within the Mediterranean, that flows westward, downslope, 
then swings to the north because of the Coriolis effect, hugging the continental slope south of Portugal 
(Habgood et al. 2003).  There is a compensating inward flow that enters the Mediterranean Sea mainly 
along the northern side, flowing over the Spanish self before entering the Strait of Gibraltar (Lobo et al. 
2006). 

 

Length 

ca. 50 km long, but length difficult to define exactly because of tapered geometry of both ends. 
 

https://www.springer.com/gp/book/9780792309055


Width 

15 km at its narrowest (at Rock of Gibraltar); 43 km at its wider western end. 
 

Depth 

There are two deep channels (north and south), separated by a host-like high.  The two channels join at 
both the eastern and western ends of the Strait.  Mean depth 350 m.  Main sill is ~ 300 m deep. 
 

Description 

The Strait lies along the plate-tectonic suture between the African and Spanish plates.  Final opening of 
the Strait is thought to be due to fluvial erosion during sea-level lowstands.  There is a net eastward 
(inward) flow of fresher water on the surface, and a net outflow at the bottom (the Mediterranean 
Undercurrent/Outflow).  Most near-bed speeds are 10-80 cm s-1, but they increase westward to ca. 1 m 
s-1.  60% of eastern/inward flux through Strait associated with internal bores/waves along the density 
interface.  Bottom photos show presence of well-sorted sands and gravels; sands are shell/carbonate 
rich.  Bedforms are: ripples/dunes, sand ribbons, obstacle scours and flutes in fine-grained sediment.  
Almost all sediment transport is to the west, but there are local reversals near southeastern limit of the 
Strait.  There is an outward fining to silty muds at either end of the Strait.  The tIdal range is ~ 2 m in the 
Atlantic, and ~ 1 m in the Mediterranean; tidal currents forced mainly from Atlantic end.  Meteorological 
forcing mainly by storms (pressure differences) over the Mediterranean.  Measured semidiurnal tidal-
current speeds 65-130 cm s-1.  There is an asymmetry of tidal range across the Strait because of the 
Coriolis effect, with larger ranges on the south/right side.  The density interface occurs at a depth 
ranging from > 200 m at Atlantic end, to < 60 m deep in the northeastern part of the Mediterranean end 
of Strait.  Internal tides have ranges of 20-50 m.  Outflow from the Strait is deflected to the north over 
the outer part of the shelf, generating seaward-migrating dunes.  The inner part of the Spanish shelf is 
influenced by the Atlantic Inflow current that occurs in water depths < 100 m, generating southeasterly 
migrating dunes.  The sands on this shelf are mainly bioclastic.  The main Mediterranean Outflow 
descends into deeper water but with a significant northward deflection because of the Coriolis effect.  
This outflow decreases in speed from > 1 m s-1 to only 0.1-0.3 m s-1 where the flow detaches from the 
bed and continues as an interflow.  The succession of bedforms is: scour and sand ribbons--> sand waves 
(dunes) --> muddy sand waves--> mud waves.  There are down-slope trending channels with levees like 
turbidite channels that are formed by the underflow.  They have sandy floors and end in lobes 
composed of sand. 
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17—MESSINA STRAIT 

 

 



Fig. A17. Messina Strait: (A) General setting of Messina Strait.  (B) Detailed bathymetry simplified slightly 
from Droghei et al. (2017, fig. 1a; used with permission of Springer Nature).  Depths in metres.  Satellite 
images from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  
The margins of the southern section are very steep and are subject to hyperpycnal flows and slumping 
(Casalbore et al. 2011; Ridente et al. 2014).  These mass flows can evolve into turbidity currents that flow 
southwest-ward along an axial submarine canyon that feeds a submarine fan in the Ionian Sea.  The 
dominant currents in the Strait are tidal in origin (Hopkins et al. 1984; Bignami & Salustri 1990; Cucco et 
al. 2016; Longhitano 2018), their strength arising because of the pronounced constriction and the out-of-
phase relationship of the tide at either end of the Strait.  In addition, there is a density-driven deep flow 
to the north, compensated by a surface flow to the south (Cucco et al 2014; Dronghei et al. 2017 
Longhitano 2018). 

 

Length 

About 40 km long.  It has a dog-leg shape, with a long N-S section in the south that turns abruptly E-W 
near the Strait’s northern end. 
 

Width 

Narrow northern part 3.25 km wide; N-S section is funnel-shaped, widening to about 15 km at its 
southern end. 
 

Depth 

Mean depth 120 m; sill depth 80 m.  The southern end of the Strait reaches > 1000 m deep. 
 

Description 

The Strait occurs along the boundary between the Sicilian and Callabrian tectonic plates, with Sicily 
moving northward relative to mainland Italy.  There is rifting in the northern (E-W) part of the Strait.  
Tides are out-of-phase by almost a half-cycle (~ 5 hours) at opposite ends of the Strait, leading to strong 
(up to 2 m s-1) currents.  Tidal range is only 10-15 cm in the adjacent ocean basins; an amphidromic point 
occurs near Messina.  There are baroclinic flows because of salinity differences at either end of the 
Strait, causing oppositely directed residual currents at the top (flow to south at ~ 10 cm s-1) and bottom 
(flow to north at ~12 cm s-1) of the Strait.  There are also internal waves and tidal bores along the density 
interface (150 m deep), just like at the Strait of Gibraltar.  The currents generate large dunes in the 
narrows of the ‘throat’, at water depths down to ~ 300 m.  The centre of the Strait south of the narrows 
is the site of an axial submarine canyon, the Messina Canyon, that is fed by multiple small canyons and 
gullies on both sides.  There is essentially no shelf on either side, so short, steep rivers feed almost 
directly into the slope gullies.  Anomalous rainfall is documented as feeding debris flows/hyperpycnal 
flows (containing coarse sediment) into the slope gullies.  This event is associated with slope failures.  
Many slope failures might also be associated with the Messina earthquake.  The axial canyon appears to 
be incised along most of its length; there are no levees.  The sill is strongly erosional.  Dunes occur both 
to the north and south of the sill, in areas where sediment deposition begins as flow speeds decrease.  
The largest dune fields are suggested by Longhitano (2018) to be at the site of bedload convergences 



associated with the interaction of tidal and baroclinic flows.  Internal waves traveling northward might 
contribute to dune formation in the northern dune field, but this is not proven.  The main dunes reach 
15 m in height.  Simple dunes are present along the axis of the Messina Canyon to a depth of 1400   
Carbonates comprise < 30% of the sediments. 
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18—DARDANELLES/BOSPHORUS 

 

 

Fig. A18. Dardanelles and Bosphorus: Bathymetry modified from Hiscott & Aksu (2002, fig. 1; copyright 
Elsevier; used with permission).  See also Unlüata et al. (1990, fig. 1).  Depths in metres.  Satellite image 
from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  The 
Dardanelles and Bosphorus began as fluvial channels that have been somewhat enlarged by modern 
flow (Gökaşan et al. 1997, 2005, 2010), whereas the Sea of Marmara is a pull-apart basin on a stike-slip 
fault (Görür et al. 1997).  The primary flow in the system is a density-driven outflow from the Agaean Sea 
into the Black Sea, coupled with the surface outflow of fresher water from the Black Sea in response to its 
net positive water budget (precipitation > evaporation) (Arisoy & Akyarli 1990; Ünlüata et al. 1990; 
Stanev et al. 2017).  The northward flow of denser water into the Black Sea occurs as a bottom-hugging 
current (Flood et al. 2009) that is dynamically similar to that exiting the Strait of Gibraltar. Unlike the 



flow in the Strait of Gibraltar, however, the circulation in the Bardanelles/Bosphorus is considered here 
to be ‘estuarine’ in character because it is driven mainly by the excess fresh water input to the Black Sea. 

 

Length 

Bosphorus-- 31 km long; Dardanelles-- 62 km; Sea of Marmara-- 240 km; total length -- 333 km. 
 

Width 

Bosphorus-- 0.7-3.5 km; Dardanelles-- 1.2- 7 km wide (average 4 km); Sea of Marmara-- 70 km. 
 

Depth 

Sea of Marmara-- max. 1300 m; Bosphorus-- mean 35 m (max. 110 m), sill 33 m; the thalweg is defined 
by the -50m isobath; Dardanelles-- average 35 m deep. 
 

Description 

Both the Bosphorus and Dardanelles were apparently formed recently, perhaps in the last glacial cycle.  
The locations of both are controlled by faulting.  The Borphorus was initiated by fluvial erosion, but the 
southern part is mainly a fault-controlled depresssion (graben).  The Dardanelles was formed mainly by 
erosion caused by overflow of the Meditteranean into the Marmara Sea (according to Turkish workers, 
although this is inconsistent with other work). Both parts show much evidence of strong, ongoing 
erosion.  The Sea of Marmara is a strike-slip pull-apart rift basin, hence its great depth.  The freshwater 
leaving the Black Sea in the surface layer is much greater in volume than the saline inflow at the bottom.  
The surface of the Black Sea is ~30 cm higher than the surface of the Marmara Sea, which is 5-27 cm 
higher than the Aegean Sea (i.e., up to a 57 cm total head).  The salinity difference between the outflow 
(17-20 ppt) and inflow (38-39 ppt) is ca. 20 ppt, which is quite large.  The upper layer of the stratified 
flow becomes saltier toward the Aegean Sea, whereas the lower more salty layer becomes more fresh 
toward the Black Sea, because of turbulent mixing, including the presence of an hydraulic jump in the 
lower layer shortly after it enters the Bosphorus.  There is considerable temporal variation on time 
scales from hours to years.  The flow in the lower layer never exceeds 1 m s-1 (but apparently comes 
close to this), whereas flow in the upper layer reaches 1.66 m s-1.  [Arisoy and Akyarli (1990) has a good 
plot of current speeds in the lower and upper layers, together with sea-level differences (between the 
Black Sea and the Sea of Marmara)].  Bottom-layer speeds are of the order of 0.5-0.7 m s-1, which should 
be sufficient to generate dunes; in the Dardanelles speeds are 5-25 cm s-1.  Once the dense flow enters 
the Black Sea, it continues across the shelf and down the slope in a channel system.  Anastomosed 
channels, braid bars and spill-over deposits are recognized.  At the smaller scale, bedforms consist of 
mud (not sand) and are attributed to mudwaves and/or cyclic steps.  Because the flow is thought to be 
subcritical, they are unlikely to be antidunes, although this is possible.  The Sea of Marmara was a lake 
during sea-level lowstands.  The modern flow system was initiated ~ 5 ky BP.  There was initially a more 
vigorous, erosive episode, followed by the less energetic 2-layer flow of today.  There are very few 
dunes on the bed of the Bosphorus, despite the high-energy, erosive conditions.  The deposits in the 
Dardanelles appear to be fine-grained.  There are no dunes evident on seismic profiles, and the layering 
is draping on the ‘drifts’ that are identified.  These drifts have the geometry of subaqueous point bars or 



delta-related bodies at the ends of the strait.  Tributary rivers are building small deltas into the sides of 
the Strait. 
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19—STRAIT OF HORMUZ 

 

 

Fig. A19. Strait of Horumuz: Bathymetry from fig. 1 of Thoppil & Hogan (2009; © American 
Meteorological Society. Used with permission.)  Depths in metres.  Satellite image from Google Earth ©.  
(Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  The Strait is tightly curved 
because erosion has circumvented the northern promontory of the Oman Mountains that are being over-
ridden by the southward movement of the thrust sheets of the Iranian fold-and-thrust complex to the 
north (Matsuyama et al. 1998; Molinaro et al. 2004).  There is significant tidal flux through the Strait 
(Reynolds 1993; Azizpour et al. 2016), supplemented by meteorological forcing.  The background 
circulation is governed by the excess evaporation in the Persian/Arabic Gulf that generates an inverse-
estuarine circulation with a seaward-flowing current at the bottom of the Strait, compensated by inflow 
at the surface (Reynolds 1993; Pous et al. 2004, 2015; Thoppil & Hogan 2009). 

 

Length 

The total length along the arcuate path is ~240 km. 
 

Width 

Narrowest point is 39 km wide; average 56 km wide. 



 

Depth 

Most authors say there is no sill in the Strait, but Pous et al. (2004) says there are two, one at each end 
of an elongate deep trough hugging the Musandam Peninsula.  Pous et al. (2004) also say there are 
depths up to 260 m immediately off the tip of this Peninsula.   There is an axial low that is ~110 m deep, 
descending from < 100 m in the Persian Gulf.  The average depth is ca. 90 m. 
 

Description 

This narrow Strait marks the nearly right-angle intersection of the NNE-SSW-oriented Oman Mountains 
(Late Cretaeous age thrusting and obduction) with the NW-SE-oriented Zagros thrust belt of Late 
Cenozoic age.  The Oman Mountains is an ‘indentor’, deforming the general arcuate geometry of the 
Zagros belt.  The Strait itself lies along the trend of the Zagros foreland basin. Salt diapirism in the 
northern half (i.e., in the thrust belt) has created islands.  There are three energy sources; in order of 
relative importance they are: tides (100); wind (10); density differences (1).  Thus, tides are 
overwhelmingly the most important source of currents.  Most of the dense bottom water is generated 
by evaporation in the United Arab Emirates coastal area.  Current speeds average ca. 5 cm s-1.  The flow 
is that of a ‘negative estuary’. When there is inverse-estuarine circulation, the near-bed outgoing 
current has a peak speed of ca. 25-30 cm s-1; Pous et al. (2004) say that outflow speeds are < 0.4 m s-1.  
The outgoing water is banked up against the Omani coast, whereas the incoming water is banked up 
against the Iranian coast due to the Coriolis effect.  There are internal waves on the pycnocline.  There is 
a net inflow because evaporation exceeds rainfall and river input.  The development of high salinity 
water is seasonal, mainly in winter because of stronger winds.  Thus, the export of water at the bottom 
is also seasonal, with the saltiest water exiting in the winter.  The tide is not important in determining 
the long-term circulation of the Gulf or Strait.  The tidal range decreased inward, from > 3m in the Gulf 
of Oman, to < 2 m in the entrance to the Gulf.  Maximum current speeds (Strait-parallel) are 60-75 cm s-

1.  Finds that the tidal currents are dominated by the semi-diurnal components, with the M2 as the main 
constituent.    The maximum tidal-current speeds increased inward, the opposite to the tidal range.  The 
sites in the Gulf of Oman were flood-tide dominant, whereas those in the Persian Gulf were ebb-tide 
dominant, meaning that there is a convergence within the Strait of Hormuz. Most of the seafloor 
sediments in the deepest part of the Strait are relict carbonate grains, with not much modern sediment.  
The Iranian side of the Strait has a very low percentage of relict grains, perhaps because it is shallower 
with greater modern-day production.   
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20—BAB EL MANDEB 

 

 

Fig. A20. Bab el Mandeb: (A) General setting of the Bab el Mandeb strait.  (B) Detailed bathymetry 
modified from Smeed (2004, fig. 3; copyright Elsevier; used with permission).  Depths in metres.  Satellite 
images from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus). 
The constriction of the Bab el Mandeb strait is the result of uplift and volcanism related to the presence 
of a mantle hot spot that is driving the continental separation between the Arabian Peninsula and Africa 
(Boswell et al. 2005).  Tides and meteorological events contribute significantly to the episodic flow 
through the strait (Jarosz et al. 2005a, b; Johns & Sofianos 2012).  The residual currents are an inverse-
estuarine circulation, with seaward (southward) flow at the bottom, and northward flow at the surface 
(Sofianos & Johns 2002). 



 

Length 

115 km total 
 

Width 

Narrowest point (Perim Narrows): 20.5 km; average width in parallel-sided inner part: 37 km; outer part 
is funnel shaped, reaching ~ 75 km wide at the entrance. During glacial lowstands, the entrance was only 
6 km wide. 
 

Depth 

Sill depth 137 m. During glacial lowstands, water depth was only ~17 m. 
 

Description 

The Bab el Mandeb Strait is narrow because of thermal uplift, coupled with the large amount of 
volcanics that erupted here, from the plume that is associated with the opening of the Red Sea-Gulf of 
Aden system.  There is surface-water inflow to the Red Sea, mainly during the southwest monsoon 
(November-June), and outflow of saltier water at the bottom (i.e. it has inverse-estuarine circulation).  
Exchange between the Red Sea and Gulf of Aden was greatly reduced during glacial periods.  Salinity in 
the Red Sea might have risen by 10 ppt during the last glaciation.  For most of the year, there is ‘normal’ 
two-layer flow, but during the summer, a 3-layer flow develops, with outflow at top and bottom, and 
inflow only in the middle layer.  There is an amphidromic point for the M2 tide in the Strait.  Most of the 
tidal energy from both the Gulf of Aden and the Red Sea is dissipated in the Strait.  Tides are much 
smaller in the Red Sea: the M2 tidal range outside the Strait is ~ 2 m, whereas inside the Red Sea it is < 1 
m.  The tidal range reaches 2 m in the Perim Narrows.  In the narrowest part of the Strait, K1 and M2 
current speeds are ca. 40 cm s-1, with a decrease in both directions from this area.  Maximum flood-tide 
current speeds at the narrows reach 1 m s-1.  Maximum ebb speeds are ‘comparable’ to the flood.  The 
internal tide at the narrows for the semi-diurnal and diurnal tides are 8 m and 12 m respectively.  (These 
are smaller than in the Strait of Gibraltar).  The pycnocline is at a depth 20-100 m depth.  Much of the 
water exchange between the Gulf of Aden and the Red Sea is atmospherically forced. 
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21—MOZAMBIQUE CHANNEL 

 

 

Fig. A21. Mozambique Channel: Bathymetry after Breitzke et al. (2017, fig. 1; used with permission of 
Springer Nature).  Depths in metres.  The bathymetric data were derived originally from the ETOPO1 
database.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: 
Landsat/Copernicus).  This strait owes its existence to the arrested separation of the island of 
Madagascar from Africa (Nairn et al. 1991).  All of the closed ‘bulls-eye’ features at the north and south 
ends of the Channel are volcanoes related to the elevated heat flow association with the sea-floor 
spreading and hotspot activity (Feuillet et al. 2021).  Several thermo-haline ocean currents either pass 
through or enter and then exit the Channel.  The southward-flowing surface current that hugs Africa is 
the Mozambique Current, which becomes the Agulhas Current in the south; the mid-depth, northward-
flowing current is North Atlantic Deep Water; and the deepest current in the south is Antarctic Bottom 
Water (de Ruijter et al. 2002; Breitzke et al. 2017).  The Zambezi Valley turbidite channel originates at 

https://www.springer.com/journal/11001
https://www.springer.com/journal/11001


the Zambezi River delta and then heads southward through the Channel, entering the Mozambique Basin 
in the south (Fierens et al. 2019). 

 

Length 

Because of the flaring of its width at both ends, it is difficult to define its length precisely.  The main 
‘throat’ is ca. 300 km long.  The entire length of the strait from islands in the north to islands in south is 
ca. 1200 km.  
 

Width 

430 km minimum (at narrows in north); 1000 km in south 
 

Depth 

3000 m at narrows (sill); 5000 m in south 
 

Description 

Underlain by transitional to oceanic crust.  Surface water, the southeast-directed Madagascar Current, 
flows to the south, mainly along the African coast.  It contains large eddies (> 300 km diameter) that 
extend to the seafloor.  This flow is about half the volume of the Indonesian Throughflow (see below).  
Surface flow is northward along the Madagascar (eastern) side, the opposite of the western side.   There 
is strong bottom-current activity: Antarctic Bottom Water (AABW) and North Atlantic Deep Water 
(NADW) flow northward, toward the equator, with a speed of ~ 0.2 m s-1, with the flow hugging the 
African coast because of the Coriolis effect.  There is extensive development of giant scours, sediment 
waves and other erosional/depositional features, beginning during the Pliocene or earlier, but all of the 
area is covered by a sediment drape today because current speeds have decreased (Breitzke et al. 
2017).  The axis of the Channel is the locus of a deep-sea turbidite channel through which turbidity 
currents flow southward from the Mozambique delta.  Volcanic islands to the north and south of the 
narrowest part of the Channel are topped by carbonate platforms that shed carbonate debris outward 
to a distance of about 20 km.  Such deposits are nearly circular in overall shape, and consist of pelagic 
deposits, turbidite channels and lobes, and mass transport complexes. 
 

References 

Backeberg, B.C. and Reason, C.J.C. 2010. A connection between the South Equatorial Current north of 
Madagascar and the Mozambique Channel eddies. Geophysical Research Letters, 37, L04604, 
https://doi:10.1029/2009GL041950  

Breitzke, M., Wiles, E., Krocker, R., Watkeys, M.K. and Jokat, W. 2017. Seafloor morphology in the 
Mozambique Chanel: evidence for long-term persistent bottom-current flow and deep-reaching 
eddy activity. Marine Geophysical Research, 38, 241-269. 

Counts, J.W., Jorry, S.J., Leroux, E., Miramontes, E. and Jouet, G. 2018. Sedimentation adjacent to atolls 
and volcano-cored carbonate platforms in the Mozambique Channel (SW Indian Ocean). Marine 
Geology, 404, 41-59. 



de Ruijter, W.P.M., Ridderinkhof, H., Lutjeharms, J.R.E., Schouten, M.W. and Veth, C. 2002. Observations 
of the flow in the Mozambique Channel. Geophysical Research Letters, 29, 1502, https://doi: 
10.1029/2001GL013714  

Feuillet, N., Jorry, S., Crawford, W.C., Deplus, C., Thinon, I., Jaques, E. Saurel, J.M., Lemoine, A., Paquet, 
F., Satriano, C., Aiken, C., Foix, O., Kawalski, P., Laurent, A., Rinnert, E., CathalotDonval, J.-P., 
Guyader, V., Gaillot, A., Scalabrin, C., Moreira, C., Peltier, A., Beauducel, F., Grandin, R., Ballu. V., 
Daniel, R., Pelleau, P., Gornez, J., Basançon, S., Geli, L., Bernard, P., Bachelery, P. Fouquet, Y., 
Bertil, D., Lemarchand, A. and Van der Woerd, J. 2021. Birth of a large volcanic edifice offshore 
Mayotte, via lithosphere-scale dyke intrusion. Nature Geoscience, 17, 787–795. 

Fierens, R., Droz, L., Toucanne, S., Raisson, F., Jouet, G., Babonneau, N., Miramontes, E., Landurain, S. 
and Jorry, S.J. 2019. Late Quaternary geomorphology and sedimentary processes in the Zambezi 
turbidite system (Mozambique Channel. Geomorphology, 334, 1-28. 

Nairn, A.E. M., Lerche, I. and Iliffe, J.E. 1991. Geology, basin analysis, and hydrocarbon potential of 
Mozambique and the Mozambique Channel. Earth-Science Reviews, 30, 81-124. 

Walford, H.L., White, N.J. and Sydow, J.C. 2005. Solid sediment load history of the Zambezi Delta. Earth 
and Planetary Science Letters, 238, 49-63. 

 
Return to List of Straits 
  



22-PALK STRAIT 

 

 

Fig. A22. Palk Strait:  Bathymetry modified after George & Kumar (2019, fig. 1; copyright Elsevier; used 
with permission), based on data supplied the Indian National Hydrographic Office.  Depths in metres.  
Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: 
Landsat/Copernicus).  Adam’s Bridge is a reef tract that is dissected by tidal channels with lobate tidal 
deltas at both their northern and southern ends (Bahuguna et al. 2003).  The central part of the Bay is 
very shallow and is affected by locally generated waves (George & Kumar 2019) that probably cause 
important sediment resuspension.  The tidal residual flow is from south to north, but the regional 
atmospheric pressure gradients reverse this flow in the winter (Scaria et al. 2015). 

 

Length 

140 km long 
 

Width 



65-137 km wide.  The channel between the Indian mainland and Rameswaram island at the western end 
of Adam’s Bridge is called the Pamban Strait which is 1.2 km wide.  There is a ship canal through it. 
 

Depth 

Less than 9.1 m.  There is a chain of coral reefs that is termed ‘Adam's Bridge’.  Pamban Strait is 3-5 m 
deep.  Depth of Palk Bay is rarely > 9 m, and nowhere deeper than 15 m. 
 

Description 

The Strait lies along a failed rift between India and Sri Lanka that was initiated in the Cretaceous as India 
rifted from Antarctica.  There was counter-clockwise rotation of Sri Lanka initially, followed perhaps by 
some southward motion.  There is a small amount of neotectonic fault movement parallel to Strait.  The 
Strait is blocked by Adam's Bridge which is comprised of a chain of coral reefs (103 patch reefs) 
separated by tidal channels that are floored by carbonate sand and gravel.  Adam's Bridge is ~ 30 km 
long; 9 km of islands and shallows; 21 km of open water.  This reef chain rests on Miocene limestone.  A 
140 km-long barrier reef occurs along the Indian coast to the south of the Strait.  There is converging 
longshore drift along the Indian coast, building the Mandapam Spit, but the dominant wave action is 
from the south, making the north side (Palk Bay) a low-energy depositional area.  The island off the tip 
of this spit is built over a reef core.  The line of reefs in Adam's Bridge is suggested as following a former 
(highstand?) shoreline.  There was a mid-Holocene highstand at +2-3m with coral reefs and beachrock at 
that elevation (raised reefs dated ~4000 yrBP).  At a somewhat lower sea level during the post-glacial 
transgression, the shallow part of Palk Bay was a tidal mudflat, crossed by a network of tidal channels.  
They appear to represent a high-energy tidal phase during flooding of the Bay.  Strata above the 
channels is flat-lying due to passive sedimentation.  The south coast of the Indian spit is erosional.  The 
Indian side of the Strait is quite arid, with only ephemeral runoff.  There is a seasonal variation in 
salinity, from a low of ~ 31 ppt, to a high of ~35 ppt, with salinity generally increasing toward Adam's 
Bridge from the northern mouth.  There is relatively little exchange with the Bay to the south through 
Adam’s Bridge.  The northern entrance to Palk Bay (the formal Palk Strait) appears to have elongate tidal 
ridges separated by tidal channels. Sea grass meadows are widespread in Palk Bay.  There appears to be 
a longer-term RSL fall.  Tidal-current speeds reach 3 m s-1 in the gaps through Adam’s Bridge, but Sri 
Lanka has an amphidromic point on land at its SE tip, so Palk Strait is close to this; hence, tidal ranges 
are small.  The tides are dominantly semi-diurnal.  The tide around Sri Lanka is mixed semidiurnal with a 
spring tidal range of between 0.40 and 0.60 m.  The phase difference between the two sides of Adam's 
Bridge is nearly 12 hours for the dominant M2 tide.  Tidal ranges decrease into the centre of the Bay.  
The net flux of water across Adam's Bridge is northward, but it is northward in their summer, and 
southward (but less) in their winter. Modeling of the rare storm (cyclone) surges show that surges of up 
to +5.4 m are possible along the west side and SE corner of Palk Bay.  Very little water comes through 
Adam's Bridge; most of the surge enters through the northern entrance.   
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23—MALACCA STRAIT/SINGAPORE STRAIT 

 

 



Fig. A23. Malacca and Singapore Straits: (A) General setting of the entire Malacca-Singapore Strait 
system, which lies along the axis of a back-arc basin.  (B) Greater detail of the narrow eastern part of 
Malacca Strait.  (C) Detail of Singapore Strait.  Bathymetric contours for Malacca Strait (A and B) in 
fathoms, from Keller & Richards (1967, fig. 3).  (One fathom = 1.83 m).  Bathymetry (in metres) for 
Singapore Strait (C) modified from Bird et al. (2006, fig. 1; copyright Elsevier; used with permission; 
original data from British Admiralty Chart 2403 ‘Singapore Straits and Eastern Approaches’).  Satellite 
images from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  
The wide, western part of Malacca Strait was occupied by an axial river during the glacial lowstand, with 
a delta at the mouth of the Strait (Emmel & Currray 1982), that in turn appears to feed into a submarine 
canyon that directed turbidity currents into deep water.  The narrow, southeastern part of Malacca Strait 
(B) shows extensive development of elongate tidal bars, separated by elongate depressions, generated 
by the strong tidal currents (Keller & Richards 1967; Rizal 2000; van Maren & Gerritsen 2012).  In the 
western half of this segment of the Strait, these bars are composed of sand, but in SE they are muddy 
(Keller & Richards 1967; Chong et al. 2005, cited in Li et al. 2015), presumably reflecting the sediment 
discharge of the nearby Kampar River (the area of turbid water in the south-centre of (B)), which has a 
highly skewed delta. The dashed yellow line in (B) shows the approximate northwestern edge of the 
constriction-related delta, which has been termed a ‘axial shelf shoal’ by Galloway (2002).  Singapore 
Strait contains an over-deepened, erosional scour at its most narrow point (Bird et al. 2006).  Residual 
flow is from east to west through the strait as a result of the Indonesian Throughflow (Ibrahim & Yanagi 
2006; Chen et al. 2014; Van Sebille et al. 2014).  There is a weak return flow in the wider, NW part of the 
Strait (Ibrahim & Yanagi 2006), generating an estuarine circulation pattern. 

 

Length 

~ 1130 km in a sinuous path, winding through the islands that block the ESE end at Singapore.  Keller & 
Richards (1968) say it is 805 km long. 
 

Width 

The Strait narrows eastward gradually.  At the northwestern (Adaman Sea) end, it is 230-240 km wide. 
The eastern 300 km of Malacca Strait (west of the islands) is parallel-sided and 45-65 km wide.  At the 
Singapore (southeastern) end, it is blocked by a series of islands with multiple passes into the Java Sea.  
The widest of these passes is 8.5 km wide, but the main channel (Singapore Strait) is 7 km wide at its 
narrowest.  
 

Depth 

The Strait generally becomes shallower to the southeast.  The northwestern end is the continental slope 
into the Andaman Sea.  Most of the wider, western half of the Strait is 70-110 m deep.  The narrower 
paralllel-sided southeastern part of Malacca Strait is 35-55 m deep, and is contoured with a pronounced 
strait-parallel tidal-ridge (?) grain (Keller and Richards 1968).  There is a ‘choke point’ (bathymetric 
constriction) at the NW end of the straight reach (at Kuala Lumpur).  Amongst the islands at Singapore, 
depths are typically 30 m deep, although Singapore Deep is up to 204 m deep.  (This might have been 
formed by river flow, perhaps at a confluence, or where flow crossed a fault). 



 

Description 

Malacca Strait runs along the length of a back-arc basin.  During the Pleistocene lowstand, there were 
two valleys in the western part of the Strait.  In the eastern part, there was up to 40 m of erosional 
relief.  These valleys fed a large delta that prograded into the Andaman Sea.  Fluvial erosion is believed 
to be responsible for the opening of Singapore Strait.   Residual water flux is to the west, but reverses 
with the monsoon: westward in January-March, but eastward for June-August.  (This is part of the 
Indonesian Throughflow (see van Sebille et al. 2014).)  Flow is tide-dominated through the eastern half 
of the Strait, with tidal currents reaching 1.4 m s-1.  Most of the sediment input is from the southern, 
Sumatra side, and consists of significant quantities of mud.  Sand is the dominant bottom sediment 
throughout the axis of the Strait in its eastern part, where elongate ‘ridges’ are present, some of which 
are composed of mud.  The carbonate content of the sediment is generally < 15% because of the high 
influx of terrigenous sediment from both sides.  The Pleistocene-Holocene contact is very close to, or at, 
the surface through much of the Strait, but a wide coastal plain has developed along the Sumatra coast.  
Tidal range increases into the Strait from the Andaman Sea, from values of ca. 65-75 cm to >1.5 m at 
Singapore.  Tidal range to the west of Singapore Strait is 2.7 m a springs, but it is 1.4 m to the east.  
There is a phase difference between the ends of the Strait of Singapore of less than an hour, so this 
doesn't drive the strong currents.  Instead, it appears as if the tidal wave from the Andaman Sea 
experiences hypersynchronous conditions as it propagates southeastward.  There is a ‘tidal maximum’ at 
the northwestern end of the straight reach, at Kuala Lumpur.  I didn't find (or missed) comments about 
the asymmetry of tidal currents in Malacca Strait, but standard tidal theory of an incoming tidal wave in 
shallow water would predict net sand transport to the east in the narrow eastern part of the Strait.  
HOWEVER, the ‘mean currents’ (tide only) is predicted to be to the west through all of the narrow, inner 
part of the Strait (Chen et al. 2014).  Saltier water enters from the west as a bottom-hugging salt wedge.  
The water becomes fresher during the northeast monsoon because of water coming from the Java 
(South China) Sea and river runoff.  There are coral reefs growing in the vicinity of Singapore.  Singapore 
Strait consists of a deep channel, with a localized ‘deep’ (Singapore Deep) reaching down to -204 m.  The 
channel at Singapore appears to be cut by rivers flowing to the east, although Bird et al. (2006) suggest 
it was cut by flow from Malacca Strait.  The rivers to the south (e.g., the Kampar River, south of 
Singapore) has a pronounced turbidity maximum and an impressive tidal bore.  Tidal ranges are said to 
reach 4-5 locally.  The mouth of the Kampar River is partially deflected to the west, despite its location 
near the eastern end of the Strait.  The fine fraction likely moves westward with the residual flow, 
whereas the tidal asymmetry likely carries the sand to the east (i.e., in opposite directions).  (Storm) 
wind stress can be equal to or greater than the tidal currents in the wider western part of the Strait, but 
are weaker than the tidal currents in the narrower eastern part.  In the west, wind generates a Strait-
wide counter-clockwise eddy. 
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24—LOMBOK STRAIT 

 

 

Fig. A24. Lombok Strait: (A) General setting of Lombok Strait.  (B) Detailed bathymetry after Androsov et 
al. (2020, fig. 2a).  Depths in metres.  Satellite images from Google Earth ©.  (Data: SIO, NOAA, U.S. 
Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  Lombok strait represents a fault-controlled, deep-
water break in the Indonesian island arc (Suleaman et al. 2018), lying between arc volcanoes.  It lies 
immediately to the SSW of Makassar Strait, through which the Indonesian Throughflow passes en route 
to Lombok Strait, which is one of the most important passes by which water enters the Indian Ocean 
(Wyrtki 1987; Murray & Arief 1988; Murray et al. 1990; Van Sebille et al. 2014). 

 

Length 

Of the order of 50 km long 



 

Width 

35 km at northern (narrow) entrance; 22 km at main southern entrance.  It is ~65 km wide in the middle 
and branches southward around a large island.  The external Rossby radius here is about 120 km, which 
is more than the width of the strait. 
 

Depth 

Depths typically 800-1000 m; sill is topographically irregular with maximum depths of ca. 350 m.  
Bottom topography is quite rugged, presumably due to volcanic activity. 
 

Description 

Lombok Strait is the southern extension of Wallace's Line which separates SE Asian and Australian 
faunas!  The Strait lies between two volcanic centres and there is an active fault in the Strait. The Sunda 
Block of which Bali is a part, is moving to the ESE at 27 mm/yr.  Relative to this movement, Bali itself is 
moving to the northeast. The Strait has a persistent southerly flow due to ca. 15-20 cm of water-level 
set-up on the north side of the Indonesian island chain because of the easterly Trade Winds.  This 
‘Indonesian Throughflow’ is due to large-scale set-up on the western side of the Pacific due to Trade 
Winds.  The pressure gradient has a strong seasonal variation being highest in July and August (i.e., 
strongest flow then).  Current speeds typically are c. 70 cm s-1, but reverse strongly at times due to 
typhoons in Timor Sea to the south.  A well-developed plume of Pacific water extends 30 km south of 
the Strait into the Indian Ocean.  On the southern sill, tidal flows reached speeds of > 3 m s-1.  The 
external Rossby Radius at this latitude is 90 km (says 120 km in one reference).  This is 3x the width of 
the strait, so it is a ‘narrow strait’ because of this and there shouldn't be much cross-strait difference in 
flow.  Corals grow in shallow water along the Strait margins.  The seafloor in deeper water is exposed 
volcanic bedrock, with local hemipelagic mud. 
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25—MAKASSAR STRAIT 

 

 

Fig. A25. Makassar Strait: Bathymetry from Waworuntu et al. (2001, fig. 1; bathymetry reproduced with 
permission).  Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, 
GEBCO.  Image: Landsat/Copernicus).  Makassar Strait is asymmetric in cross-section profile, especially in 
the south.  The western side, with its wide shelf, overlies continental crust, whereas the eastern side is 
flanked by an active thrust complex associated with subduction farther to the east (Ckoke et al. 1999; 
Guntoro 1999).  The Strait consists of two en echelon basins, separated by a strike-slip fault zone that 
defines the narrow choke point between the basins.  Makassar Strait is one of the most significant 
pathways by which the Indonesian Throughflow passes from the western Pacific into the Indian Ocean 
(Sustano & Gordon 2005; Mayer & Damm 2012; Van Sebille et al. 2014).  Most of the flow occurs 



through the deep-water basins, with relatively weaker currents over the shallow western shelf.  Because 
of this, the well-known Mahakam delta, which borders the Strait on the northern part of its western side 
(Roberts & Sidow 2012), is not strongly asymmetric.  Coral reefs are abundant on the outer part of the 
western shelf.  A turbidite channel-levee complex that is surrounded by a wide field of sediment waves 
has been constructed by eastward-flowing turbidity currents in the northern Makassar Basin 
(Posamentier et al. 2000).  This channel appears to originate offshore from the Mahakam Delta, and its 
offshore extent has not been mapped. 

 

Length 

~470 km from the northern constriction to the first major widening at the southern end (where the deep 
trough is narrowest). 
 

Width 

130-370 km.  Labani Channel between the two basins is 44 km wide below the level of the shelves. 
 

Depth 

Central trough-- 1500-2300 m deep.  The narrowest constriction between the two basins (Labani 
Channel) is ~2000 m deep.  The main sill is the Dewakang Sill-- 550-650 m deep at the southern end of 
the southern basin.  The western shelf is wide--25-220 km, widening southward, and typically < 30 m 
deep.  The outer edge of the shelf promontory has a coral reef < 10 m deep.  The shelf on the east side is 
<10-20 km wide.  
 

Description 

Most workers consider to the Strait to be caused by rifting, with the Strait experiencing back-arc 
spreading.  Recent work has interpreted it as a foreland basin, bounded on both sides (W=Kalimantan; 
E=Sulawesi) by thrust complexes.  The shelf edge on the east is definitively a thrust front.  The western 
margin, which is an extension of continental crust, is most likely a rifted/extensional margin.  There may 
be oceanic crust beneath the deep basins.  Another interpretation is that the extension is due to trench 
roll-back.  The narrows between the northern and southern basins (the Labani Channel) is the location 
of a strike-slip fault.  Tsunamis are moderately common.  Some of them may be caused by slumping 
caused by the earthquakes, given that some tsunamis are too large for the magnitude of the fault 
movement.  Tunamis are most important on the east side because of the narrow shelf and proximity to 
active faults; the west side is relatively safer.  Sea level reached its present elevation at ~ 5 ka BP.  
Significant wave height is < 0.6 m because of the limited fetch and equatorial location.  Tides (M2 and K1) 
in Makassar Strait are small (increase from ~0.35 m at south end to ~ 0.6 m at north end).  The 
amplitudes of the M2 and S2 tides are 0.55 m and 0.35 m respectively.  Tidal currents are very weak 
through most of the strait, but are strong (> 0.5 m s-1) along the Sulawesi coast, and flow to the south 
throughout the entire tide.  The Strait is the most important path for the Indonesian Throughflow, 
carrying 50-80% of the total flux.  Most of the flow is in the upper 400-700 m, with southward-directed 
current speeds of 0.5-0.8 m s-1.  Speeds sometimes reach > 1 m s-1; they don't appear to impinge on the 
western shelf very much, although perhaps on outermost edge locally: the current does tend to hug the 



western side of the deep trough.  All of the southward flow is above the height of the Dewakang Sill.  
Speeds at the bottom are very weakly to the north; stronger northerly flow occurs at 800-1000 m depth.  
(Measurements come from the narrowest section of the deep-water trough, the Labani Channel).  In the 
deep-water North Makassar Basin, at the base of slope and beyond, there is a leveed turbidite channel 
system that is highly sinuous and feeds frontal splays.  There are large overbank wedges that spill out on 
the outside of meander bends.  They are covered by sediment waves, many of which are believed to 
have been formed by the upper, dilute part of overbank turbidity currents.  Some waves are, however, 
thought to be due to prevailing oceanic currents.  Debris flows/mass transport complexes are abundant.   
The turbidite channel is 250-1000 m wide, with flow to the north.  The Mahakam delta is a lobate, tidally 
influenced, river-dominated delta.  (Tidal range averages 1.2 m, but varies from 0.5 m at neaps to a 
maximum of 3 m at springs).  It has prograded approximately 60 km in the Holocene, nearly but not 
quite reaching the local shelf edge at the present time.  The distribution of mud is asymmetric because 
of the influence of a southerly directed current that reaches 80 cm s-1 on the delta front.  Beyond the 
influence of siliciclastic mud, the shelf is floored with carbonate, including abundant Halimeda buildups 
that average 20 m in relief.  There is more coralline algae near the shelf edge.  At the shelf edge, reefs 
have reliefs of up to 80-100 m.  There are repeated cycles of deltaic deposits and carbonates on the 
shelf, as a result of repeated sea-level cycles. 
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26—VITIAZ STRAIT 

 

 

Fig. A26. Vitiaz Strait: Bathymetry adapted from fig. 1 of Tchilobou et al. (2020).  Because of scale 
differences between the original and derived images, and the subtle colour gradations indicating depths 
in the original fig., contour locations are only approximate.  Depths in metres.  Satellite image from 
Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  Vitiaz Strait is 
a deep, structurally controlled passage that is partially blocked by volcanoes associated with the 
Bismarck arc (Davies et al. 1987; Whitmore et al. 1997).  This Strait is a major passage for movement of 
water from the western Pacific into the SE Asian seas, en route to the Indian Ocean (i.e., the Indonesian 
Throughflow) (e.g. Cravatte et al. 2011).  Current speeds for this flow exceed 1 m s-1 (Lindstrom et al. 
1987, 1990). 

 

Length 

ca. 150 km 
 

Width 

Main part of strait about 90 km wide (42 km wide at the 200 m depth), but splits into two channels to 
the WNW around Umboi Island.  The SW channel is about 45 km wide; the NE channel is 24 km wide. 
 



Depth 

A little more than 1200 m deep. 
 

Description 

This Strait is a break in the island arc associated with northwestward subduction of Solomon Sea oceanic 
crust.  There is active volcanism associated with this subduction, including within the Strait itself.  This 
break in the arc might be related to the rifting that is thought to have generated the Finisch Deep to the 
southeast, OR to ongoing right-lateral strike-slip motion through the Strait.  There is a persistent 
westerly flow due to the persistent easterly Trade Winds.  Current speeds are up to 1.2 m s-1 (average 
70-90 cm s-1 in core).  The core of this flow is at 150-300 m deep; in the Strait surface currents reach 1.8 
m s-1.  This flow is a major component of the global water circulation in the equatorial Pacific: it is the 
principal source of water for the Equatorial Undercurrent (EUC) that flows eastward across the entire 
Pacific.  The flow through Vitiaz Strait also feeds the Indonesian Throughflow which in turn feeds the 
westerly/southerly flow through straits farther to the west (e.g., Malacca and Lombok straits).  The 
barotropic M2 tides are nearly zero in the Solomon Sea (< 10 cm), and there doesn't appear to be much 
of a phase difference across the Vitiaz Strait, so tidal currents are presumably weak.  The baroclinic M2 
tide is only 3-5 cm amplitude, and the highest amplitudes occur in the centre of the Solomon Sea, not 
near Vitiaz Strait.  There is some elevated tidal energy concentration at Vitiaz Strait, but it is much 
smaller than farther east near the entrance to the Solomon Sea. The sediments under the Strait are 
highly faulted.  The seafloor is covered by fine-grained sediment with shells, faecal pellets, and volcanic 
sand.  Nearby, there are isolated coral reefs on former volcanic islands. 
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27—TORRES STRAIT 

 

 

Fig. A27. Torres Strait: Bathymetry modified from fig. 1 of Daniell & Hughes (2007; copyright Elsevier; 
used with permission).  Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. 
Navy, NGA, GEBCO, LDEO-Columbia, NSF.  Image: Landsat/Copernicus).  Torres Strait is very shallow 
(generally < 10 m deep at the sill), and flow through it is significantly impeded by multiple bedrock 
islands and coral reefs (Wolanski et al. 1988): all of the small circular to elliptical bodies throughout the 
eastern part of the Strait are coral reefs that represent the northern extension of the Great Barrier Reef 
(Woodroffe et al. 2000).  Tidal currents are the dominant energy source for sediment redistribution 
(Harris 1988; Daniell & Hughes 2007; Hemer et al. 2004), but they are superimposed on a pervasive but 
weak, east-to-west current (Wolanski et al. 1988; Saint-Cast 2008) that is part of the regional Indonesian 
Throughflow.  In addition, a part of the outflow of the Fly River in Papua New Guinea moves along the 
northern flank of the Strait; most of the outflow moves to the northeast. 



 

Length 

ca. 170 km (nearly the same as the width) 
 

Width 

Total width: 140 km; width between Thursday and Moa Islands, the main channel: 28 km, of which 
Wolanski et al. (1988) estimate that 71% of that width is blocked by reefs and islands.  It is 20-60 km 
long east-west.  The islands rise up to 100 m above water level and represent a ridge of Carboniferous 
volcanics and Mesozoic sedimentary rocks. 
 

Depth 

Typically < 15 m; sill depth ~ 12 m (Harris 1988); there are large areas that are only 6-9 m deep.  The sill 
is located approximately in the centre of the strait, with gradual slopes to the east and west.  Centre of 
strait has several islands (especially at the south side) that compartmentalize flow into several 
‘channels’.  Reefs are common on the sill, and also farther to the east, closer to the Great Barrier Reef. 
 

Description 

Torres Strait might occupy the back-bulge depression related to the PNG foreland basin.  The main 
source of energy is tidal currents that have near-bed speeds that reach 0.8-1.5 m s-1, due to water-
surface elevation differences at either end of the strait that reach 6 m. Maximum tidal range: 3.9 m.  
Ebb is to the east; flood is to the west.  The prevailing wind for most of the year (May to November), 
causing a net westward flow of water that causes a net migration of banks and dunes to the west.  There 
are, however, local areas with eastward migration of dunes due to the presence of mutually evasive 
tidal transport paths.  Dunes in areas reverse their migration direction with the seasonal change in wind 
direction.  Significant wave heights are < 1.5 m for most of the year (maximum is ~ 3.5 m) and there is 
no swell because of the Great Barrier Reef-- only locally generated waves are present during the Trade 
Wind season.   The very shallow water of the Strait (and the presence of reefs and islands) means that 
only 30% of the tidal-wave energy from either side propagates through the Strait.  Most sediments are 
bioclastic carbonates (? 80%), with terrigenous-clastic deposits only close to ‘sources’ (mainly rivers 
from Papua New Guinea presumably, as well as coastal erosion).    There are areas of mud off the Fly 
River delta and in the SE part of the Strait; elsewhere the bottom sediments are sands and gravels, 
except in scour areas where there is bedrock exposure and/or lag gravels.  The concept of bedload 
parting and tidal sediment-transport pathways is used, with sediment grain size decreasing down the 
transport path.  There is a turbidity maximum in the centre of Torres Strait composed mainly of 
sediment resuspended from the sea bed (i.e., carbonate mud).  Bedforms come in 4 types: 1) linear sand 
banks; 2) elongate dune trains; 3) dune fields; and 4) sand ribbons.  Reef growth is prolific in Torres 
Strait.  Sediment from Papua New Guinea (PNG) is present only within 5-10 km of the PNG coast; very 
little is coming into Torres Strait from the Fly River.  There are extensive areas of sea grass in the Strait, 
commonly with sea grass occurring in the troughs of starved dunes.  These starved dunes migrate 0.59 
m/day, whereas full-bedded dunes migrated only 0.13 m/day.  The modelled mud content of the 
sediment is low, increasing outward at the ends. 
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28—BASS STRAIT 

 

 

Fig. A28. Bass Strait: Bathymetry from Malikides et al. (1988, fig. 1; used by permission of Taylor & 
Francis Ltd.).  Depths in metres.  Satellite image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, 
NGA, GEBCO, LDEO-Columbia, NSF.  Image: Landsat/Copernicus).  The Strait consists of a sill at either 
end, separated by central depression (Bass Basin) that is the remnant of a rift basin associated with the 
attempted separation of Tasmania from mainland Australia (Young et al. 1991; Royer & Rollet 1997).  
Tidal currents are strong on the two sills (Malikides et al. 1988, 1989), but currents in the Bass Basin are 
weak (Passlow et al. 2004).  There is a weak west-to-east current through the Strait, caused by the 
regional wind regime (Middleton & Black 1994).  The head of a submarine canyon occurs at the NE 
corner of the Strait, an association that occurs in several of the straits examined in this study (e.g. Strait 
of Juan de Fuca, Malacca Strait and Cook Strait).  See Fig. 22A for the distribution of carbonate content in 
the surficial sediments. 

 

Length 

300-350 km, along a somewhat sinuous path 
 

Width 

210 km at its widest in the area of the central basin; main western opening-- 83 km; eastern opening 
complicated by many islands, the largest of which is Flinders Island. 



 

Depth 

Strait has complex morphology, with sills at either end, separated by a deep central basin.  The basin is 
up to 90 m deep.  The eastern sill is 50-60 m deep at its deepest (large parts are < 20 m deep), whereas 
the deepest part of the western sill is 60-80 m deep. 
 

Description 

The Strait is a failed rift associated with the initial stages of the separation of Australia from Antarctica.  
Initial rifting was in the Cretaceous, forming a half graben in the Bass Basin, with some dextral shear.  
The stress regime became dextral transpressive in the Eocene, but the effects are minimal in Bass Strait.  
The tidal range (= 2 x amplitude) is almost everywhere < 2 m, and < 1 m in many places.  Only in very 
isolated locations is it > 2 m.  Tidal current speeds are ~ 1 m s-1 at the surface.  There is a net west-to-
east net flow through the Strait because of the prevailing wind (a wind-driven current), which is in the 
opposite direction to the so-called ‘Tasman Leakage’ around the southern tip of Tasmania.  There is, 
however, almost no transport through Bass Strait because it is too shallow.  There is an eastward drift of 
water along the northern coast, at a speed of 2.3 cm s-1.  Modeling shows that the dominant flow is 
apparently to the east, with faster speeds over the shallow sills, and quite slow speeds in the deeper 
basin.  Even the fast speeds are only ~10-15 cm s-1.  The sediment contains 50-92% modern and relict 
carbonate of cool-water origin (skeletal debris derived from bryozoans, molluscs and foraminifera), with 
quartz as the subordinate constituent.  The quartz is said to probably originate from the granites of the 
islands.  In general, the siliciclastic content is highest around islands and along the coasts; carbonates 
are greatest farther from the modern shoreline.   The mixing is probably due to the reworking of 
palimpsest, lowstand clastics by tidal currents.  Sediment delivery to the strait is limited; river mouths on 
the Australian side are unfilled wave-dominated estuaries. The one larger river on the Tasmanian side 
might be about to construct a delta, but it lies in an indentation on the side of the Strait so it does not 
interact with the currents.  The margins of the Strait are wave-dominated beaches.  The finest sediment 
occurs in the deeper central basin and especially on the concave Tasmanian side, where mean sizes are 
silt.  The shallower sills are covered by sand-sized sediment, with the coarsest sand in the shallowest 
water and especially the western entrance.  On the eastern ‘sill’, compound dunes occur (heights 2-12 
m; average 6 m) in 40-46 m of water.  Tidal-dominance is concentrated mainly on the sills; elsewhere in 
the Strait, sediment movement is mainly by waves. Four sediment types recognized: 1) bryozoan and 
lithoclastic sand and gravel; 2) Bioclastic and lithoclastic fine sand; 3) quartz sand; and 4) carbonate 
sandy mud and muddy sand.  The main area of net accumulation is in the central basin. 
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29—COOK STRAIT 

 

 



Fig. A29. Cook Strait: (A) General setting of Cook Strait.  (B) Detailed bathymetry taken from Carter 
(1992, fig. 1; used by permission of Taylor & Francis Ltd.).  Bathymetry originally derived from Mitchell & 
Lewis (1980); reproduced with permission of the New Zealand National Institute of Water & Atmospheric 
Research Ltd. (NIWA).  See also Lamarche et al. (2011, fig. 1).  Depths in metres.  Satellite images from 
Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO, LDEO-Columbia, NSF.  Image: 
Landsat/Copernicus).  The shelf surface to the northwest of the central narrows in Cook Strait is relatively 
smooth and largely featureless.  Within ‘The Narrows’, there is one or two deep scours with localized 
depths of nearly 400 m (Carter 1992; Lamarche et al. 2011).  To the south the constriction, the shelf is 
deeply incised by the Cook Strait Submarine Canyon (Mountjoy et al. 2014).  Tidal currents are strong 
within the central constriction (Heath 1978; Bowman et al. 1980; Walters et al. 2010).  The background 
flow is from north to south through the Strait and results from wind forcing and general oceanic 
circulation (Heath 1971, 1986; Reid 1996; Walters et al. 2010).  

 

Length 

‘The Narrows’ is ~ 30 km long.  The entire Strait (Greater Cook Strait) is approximately 120 km long, with 
a zig-zag course.  The overall orientation is North-South. 
 

Width 

Minimum width-- 22 km.  Area to the north of the Narrows is strongly funnel-shaped, being ~95 km wide 
at the northern tip of the South Island.  The area to the south of the narrows is more parallel-sided, with 
a width of ~ 60 km. 
 

Depth 

Cook Strait doesn't appear to have a single discrete ‘sill’.  Instead, there is an elongate deep in the 
centre of the Narrows, with depths > 200 m: the Narrows Basin is 380 deep, and has a 225 m-deep sill at 
its southern end.  Depths on either side, and to both the north and south are less than 100 m deep.  The 
head of Cook Strait Canyon extends into the eastern side of the southern approach to the Strait, with 
water depths > 600 m on the shelf.  The shallowest connection between the two Islands is in the NW 
approaches, where the arcuate ‘sill’ is 70-90 m deep. 
 

Description 

The Narrows formed as a result of plate-tectonic movements that aligned various sedimentary basins.  
The subsidence of the Narrows basin, the critical break in the New Zealand mountain chain, is due to the 
splaying of strike-slip faults, allowing down-drop of the area between the splays (a sort of pull-apart 
basin).  Residual currents are in opposite directions on either side of the Strait: southward on the west 
side, and northward on the east side.   Three oceanic currents intrude into the Strait.  Tidal flux was 
greatest during interglacial highstands, causing deep scour in the Narrows, and low or absent during 
glacials, allowing sediment (mud) deposition.  During the last post-glacial sea-level rise, the strongest 
tidal action might have occurred early in the Holocene, with a decrease to today.    Present-day tidal 
ranges are microtidal at both ends of the Strait, and decrease inward to a minimum of ~ 0.4 m at the 
Narrows.  Maximum tidal-current speeds in the Narrows are > 1 m s-1 (highest stated value 3.5 m s-1).  



[Walters et al. (2010; Fig. 5) present good map of average current speeds!]  Peak tidal-current strengths 
appear to be directed southward at all locations shown (Lewis et al. 1994).  Residual tidal flow through 
the Narrows is southward.  There is a residual, weak northerly flow north of the Narrows, but an eddy 
exists SW of the Narrows.  Tidal currents dominate over wind-driven currents over most of the area.  
Tidal processes on the shelf are responsible for depositing sediment in the upper part of Cook Strait 
Canyon, leading to failure and down-canyon transport by earthquake-generated turbidity currents.  
There is a sinuous belt of gravel that passes through the Narrows.  Wedges of muddy and sandy 
sediment are prograding in protected embayments supplied by rivers; these wedges become coarser 
grained as they prograde into more exposed locations.  There is sand transport southward into the 
Narrows, but to the south of it, there appears to be more complicated transport paths, perhaps 
mimicking those of an ebb-tidal delta with marginal areas having northward transport into the Narrows.  
Swath bathymetry (Lamarche et al. 2011) shows large to very large dunes apparently migrating 
SSWward into the deep depression at the Narrows.  (Note that the text says that dunes in this area are 
migrating to the NE).  This direction contradicts the Longhitano model, but is consistent with the 
residual throughflow documented by Walters et al. (2010).  There is an interesting scour depression in 
the western part of the southeastern approaches where dunes occur in the erosional holes, in a 
situation reminiscent of the case when a mud layer is breached to expose sand.  The ‘shelf’ west of the 
Narrows is ‘smooth’ with no dunes. 
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30—TARAMA STRAIT 

 

 

Fig. A30. Tarama Strait: (A) General setting of Tarama Strait, which lies to the east of Taiwan.  (B) 
Enlarged view of the Strait.  Bathymetry modified from Tsuji (1993, fig. 2; copyright Elsevier; used with 
permission).  Depths in metres.  Satellite images from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, 
NGA, GEBCO, LDEO-Columbia, NSF.  Image: Landsat/Copernicus).  This strait lies between volcanic 
edifices in the southwestern part of the Ryukyu Arc (Kizaki 1978).  It experiences significant wave action 
from the open Pacific Ocean, and moderately strong tidal-current action (Tsuji 1993).  It is also a 
subsidiary pathway by which the Kuroshio Current passes from the Pacific Ocean, through the Arc, into 
the Okinawa Trough and East China Sea (Kao et al. 2006). 



 

Length 

~30 km long N-S. 
 

Width 

Entire channel -45 km wide, but the central deep part that is >200 m deep is only 3-4 km wide. 
 

Depth 

Deepest part is > 200 m deep, but the flanks are < 100 m deep, with terraces at depths of 0-5 m, 20-25 
m, 45-55 m and 90-100 m. 
 

Description 

The Strait occupies a low area between two volcanoes.  Average current speeds typically 15-35 cm s-1, 
with maximum values of ca. 50-80 cm s-1.  Flow of the Kuroshio Current is to NW.  Tidal currents at high 
tide (flood) flow to the northwest and to the southeast a low tide.  Wave action in storms might also be 
important to considerable depths.  M2 tidal range is 0.5-0.6 m along most of the Arc.  Bedrock outcrops 
are present down to -60 m.  Gravelly sediment occurs down to -150 m.  2D dunes occur on the 90-100 m 
terrace.  Mud is most abundant in shallow protected areas and in the greatest depths.  There is little 
mud from 200-400 m depth.  Facies are: (1) reef (hermatypic corals, coralline algae, bryozoans, and 
sponges; (2) near reef sand; (3) muddy sand-sandy mud (occurs in shallow protected areas); (4) 
rhodolith and large foraminiferal gravelly sand (mainly on the 90-100 m terrace; rhodoliths average 3.5 
cm, max. 11 cm diameter); (5) bryozoan sand; (6) planktonic foraminiferal sand; and (7) planktonic 
foraminiferal muddy sand facies.   
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31—TOKARA STRAIT 

 

 

Fig. A31. Tokara Strait: Bathymetry after Zhu et al. (2017, fig. 1c; © American Geophysical Union).  
Depths in metres.  The bathymetric data were derived originally from the ETOPO1 database.  Satellite 
image from Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  
Tokara Strait is a complex, topographically low segment of the northern Ryukyu Arc.  The islands and 
Isolated circular to elliptical features that occur throughout the Strait are volcanoes.  Significant wave 
action and weak to moderate tidal currents (Zhu et al. 2017) affect sedimentation in the area.  This area 
is the main pathway by which the Kuroshio Current passes from the back-arc Okinawa Trough and East 
China Sea into the open Pacific Ocean (Kubota et al. 1995; Feng et al. 2000; Liu et al. 2019).  Currents at 
the surface can be quite strong, but decrease in strength with depth, and weak reverse flow is possible in 
the deepest channels (cf. Liu et al. 2019).  The yellow line shows the section along which the currents in 
Fig. 19 were obtained.  



Length 

Only ~25 km from -200 m isobath to the same depth on the other side of the ridge. 
 

Width 

Very wide area (290 km along the Arc; up to 450 km depending on how it is defined and including Osumi 
Channel) with few islands, all of which are small (< 10 km diameter), so this area is mostly open water.  
The main, deepest part of this section is 95 km wide and lies a short distance north of the island of 
Amamioshima, separate from Osumi Channel. 
 

Depth 

Average depth 635 m; shallowest depths at any transect of the Arc is < 100 m, but some transects have 
minimum depths of 200-300 m.  The maximum depth in the Strait is 1077m. 
 

Description 

Kizaki (1978) places a strike-slip offset in the ridge in Tokara Strait; alternatively, the channel is the result 
of arc-parallel extension (Kubo and Fukuyama 2003; Osozawa et al. 2012). The Kuroshio Current, which 
is the Pacific Ocean equivalent of the Gulf Stream, flows northward along the northern side of the arc in 
the eastern part of the East China Sea, entering partly through straits in the southern part of the Arc, but 
then flows between the islands and passes through the arc, mainly in its most northerly part (i.e. Tokara 
Strait and Osumi Channel) and then continues to flow to the NE on the east side of the islands of Japan.  
This current is like the Gulf Stream and it is warmer and fresher than the surrounding water, which is the 
cause of its movement.  Speeds of this current at the surface are 50-120 cm s-1 in Osumi Strait, but 0.7 m 
s-1 maximum in Tokara Channel.  The flow splits into 2 threads in Tokara Strait because of the presence 
of a seamount in the middle.  There is a seasonal variation in the strength of this current, with maximum 
speeds in summer and minimum in autumn, which is attributed to seasonal variation in the bathymetry-
parallel wind stress.  There is a southwestward underflow current in the southern part of the Strait that 
parallels the isobaths.  Tidal currents: M2 currents have twice the strength of the diurnal components.  
Speeds of the M2 tidal currents are 27 cm s-1; the diurnal currents reach 21 cm s-1.  These speeds are 
near the surface.  Near the island of Okinawa, the surface sediments are sand in water depths <800 m; 
below that, the grain size becomes increasingly finer as the depth increases.  The shallow-water sands 
around the islands are dominated by carbonate material (commonly 90%), dominated by corals and 
foraminifera.  Reefs fringe most of the islands; the most northern reef is on the north flank of Tokara 
Strait. 
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32—OSUMI CHANNEL 

 

 

Fig. A32. Osumi Channel: Bathymetry from Ikehara (1992, fig. 1).  Depths in metres.  Satellite image from 
Google Earth ©.  (Data: SIO, NOAA, U.S. Navy, NGA, GEBCO, LDEO-Columbia, NSF; Image.  
Landsat/Copernicus).  Osumi Channel is a relatively shallow pass through the Ryukyu Arc, with volcanic 
islands and shoals occurring especially along its southern side.  It is occupied by a minor branch of the 
Kuroshio Current as it passes eastward from the back-arc area into the Pacific Ocean, nevertheless 
current speeds are appreciable (Ikehara 1988, 1989; Varamov et al. 2015).  Tidal currents are also 
present, but are not especially strong, and the currents do not reverse because of the over-riding 
influence of the Kuroshio Current (Ikehara 1988). 

 

Length 

~130 km long 
 

Width 

35 km wide at its narrowest; its SW end is subdivided by two islands. 
 



Depth 

Much of it is 80-100 m deep; the deepest hole is 174 m deep. 
 

Description 

The Strait was exposed during the lowstand and flooded at ~15,000 yr BP.  Perhaps there were estuaries 
at the ends of the Strait before the sill was flooded?  Sedimentation is now dominated by a branch of 
the Kuroshio Current (the Osumi Branch Current).  Its speeds reach maximum values of 1-2.5 m s-1 at the 
surface; more typical speeds are 0.30-0.75 m s-1.  It is suggested that the currents were stronger when 
sea-level was lower, earlier in the transgression, than they are at present. The sediment becomes 
distinctly finer to the northeast, in the downcurrent direction, from coarse sand and gravel at the 
southwest, to medium to fine sand near the downstream end of the strait.  This decrease is due to a 
decrease in current speed.  Dune bedforms are present at least locally in Osumi Strait, the most 
northern of the straits; they migrate to the northeast. The distribution of bedforms is similar to that of a 
tidal transport path: erosion --> sand ribbons --> dunes (large --> small) --> fine sand with current ripples 
--> mud.  Most dunes occur on current-parallel sandbodies (8-10 km long, 3-5 km wide, 15-30 m high) 
that lie along the flanks of the Strait.  The dunes are thought to be partly relict from a stronger current 
regime earlier in the transgression. 
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33—BUNGO CHANNEL/HAYASUI STRAIT 

 

 

Fig. A33. Bungo Channel-Hayasui Strait: (A) General location of the Hayasui Strait-Bungo Channel 
system.  (B) Detailed bathymetry of the area, modified after Ikehara (1998, fig. 1a; copyright Elsevier; 
used with permission).  Depths in metres.  Satellite images from Google Earth ©.  (Data: SIO, NOAA, U.S. 
Navy, NGA, GEBCO.  Image: Landsat/Copernicus).  Bungo Channel has very complex shorelines, with 



many islands and convoluted embayments.  Hayasui Strait is a breach in a narrow ridge of very resistant 
bedrock.  Note the paired tidal scour depressions on either side of this ridge, which are situated in more 
easily eroded bedrock.  The dominant energy source is the system is tidal currents, that show net 
divergent transport away from the narrows of Hayasui Strait (Ikehara & Kinoshita 1989).  There is a weak 
inverse-estuarine circulation: the water in the open ocean to the south is warm because it is an extension 
of the Kuroshio Current, and it is lighter than the colder water in the Seto Sea to the north of Hayasui 
Strait.  Therefore, water flows southward along the seafloor, and inward at the surface (Nakajima 1975; 
Fujihara & Kawachi 1995; Kaneda et al. 2002).  Oceanic currents episodically penetrate into Bungo 
Channel as the ‘Kyucho’ current (Takeoka et al. 1993). 

 

Length 

~60 km long from just north of Hayasui Strait to the open Pacific Ocean. 
 

Width 

Narrowest width is 12 km at Hayasui Strait where the two deep scours exist.  Next narrowest part is 24 
km.  The larger embayments along the margins of Bungo Channel reach up to 45 km wide.  The sides are 
very irregular because of bedrock islands and promontories. 
 

Depth 

Very irregular bottom topography, with many islands along both sides and cross-strait bedrock sills.  Sills 
are zero to slightly more than 100 m deep.  Deep scours reach 350-450 m below sea level.  The average 
depth of the main part of Bungo Channel is ~80-90 m. 
 

Description 

Bungo Channel is located between the islands of Shikoku and Kyushu in southwest Japan, and connects 
an ‘inland sea’ (Seto Inland Sea) with the Pacific Ocean. The eastern side of Bungo Channel undergoes 
intermittent, slow (aseismic) tectonic slip to the southeast relative to the west side, implying that the 
Channel is an oblique pull-apart basin.  The dominant flow is to the south (i.e. ebb dominant).  The 
dominant currents are tidal; they reach 0.7 m s-1 and then decrease outward away from the deep scours 
(mainly toward the south).  The water is thermally stratified, with colder water at the bottom.  Pacific 
water is generally warmer than the water in the Channel, but, although salinity increases seaward, from 
values in the 20 ppt's in the inner part of the Channel, the water of the inner part of the Channel is 
denser, so that density decreases seaward, implying outward flow at the bottom.  This presumably 
encourages in inward flow of Pacific water (the Kyucho current; Takeoka et al. 1993), which mainly 
occurs on the east side because of the Coriolis effect.  Elongate sand banks occur where the current 
speeds are 0.7-0.5 m s-1.  The sea floor is very irregular, with deep scour holes that continue to deepen 
today.  In both directions outward (NW and SE) from the scours, there are sand accumulations covered 
by dunes (termed a ‘transgressive sand sheet’).  The banks continue to grow today.  Sand is medium 
sand on the largest banks, and becomes fine sand at the mouth of Bungo Channel.  Most dunes in the 
axis of Bungo Channel are migrating to the south and southwest. Locally at the north side of the mouth, 
dunes are migrating to the north, perhaps due to influx of Kuroshio Current at times. Alternatively, they 



are due to intrusions of cold, bottom water along the floor of the Channel... speeds of these intrusions 
are, however, only ~15 cm s-1.  Modelled residual currents show paired vortices on the inside of Hayasui 
Strait, with a residual inward jet in the middle... in water < 50 m deep. Modelled near-bed residual 
currents are complex, but mainly appear to show inward residuals, with gyres associated with 
headlands.  Bottom residuals converge on the narrow Hayasui Strait, which is the opposite of what the 
sediment distribution suggests.  This suggests that tidal currents were stronger at a lower sea level and 
have become weaker as sea level has risen, although I find the arguments for this weak: it is based on a 
presumed average depth of the deepest erosion of bedrock, which doesn't apply in the scour holes.  
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