
River Delta Morphology: 
Wave Climate and the Role of the Subaqueous Profile 

Abstract. Application of a comprehensive wave climate program to seven major 
deltas indicates that deltaic configurations and coastal landform combinations 
depend to a considerable degree on t,e wave power adjacent to the shore and 
on the river discharge relative to wave forces. Nearshore wave power is not cor- 
relative with deepwater wave power but, owing to frictional attenuation, is a 
function of the subaqueous slope. The subaqueous slope, in turn, depends partially 
on the slope and width of the continental shelf but primarily on the rate at which 
the river can supply sediments to the nearshore zone. River-dominated configura- 
tions result only when the river is able to build flat offshore profiles, which reduce 
nearshore wave power; where the subaqueous slope is steep, waves reach the 
shore comparatively undiminished and wave-built forms prevail. 

Shoreline geometries and dominant 
wave regimes strive to attain mutual 
adjustment along coasts that are 
molded primarily by the action of 
ocean waves (1). The coastline strives 
to develop in such a way as to mini- 
mize or eliminate longshore gradients 
in wave forces; in turn, the sediment 
budget is balanced by redistribution of 
longshore and onshore wave forces. 
The resultant subaqueous and subaerial 
morphology tends to attain quasi- 
equilibrium with the long-term wave 
climate. The reciprocation between 
this morphology and the wave regime 
is considerable; depositional patterns 
depend on the spatiotemporal distribu- 
tion of wave forces; the latter is a 
function of subaqueous and shoreline 
topography. Waves are modified by 
the bottom through refraction, shoal- 

ing (2), and frictional attenuation 
(3, 4). To date, in most studies of the 
relationships between wave forces and 
landforms the effects of bottom friction 
on waves have not been considered 
quantitatively; however, in many in- 
stances these effects may exert the 
dominant control on the magnitude and 
distribution of wave forces in the near- 
shore zone. 

Near the mouths of large rivers the 
equilibrium between wave regime and 
depositional topography is upset by the 
continued introduction of sediments 
from a source (river channels) external 
to the littoral transport system. Result- 
ant forms depend not only on the 
magnitude and distribution of wave 
forces but also on the ability of the 
river to supply sediments. Hence river 
deltas have a spectrum of configura- 

Table 1. Characteristic delta morphologies. 

Coastline and river Delta shoreline Delta plain 
mouth configuration landforms landforms 

Mississippi 
Highly indented coastline, Indented marsh coastline, Marsh, open and closed bays 

multiple extended digitate sand beaches scarce and 
distributaries-"bird foot" poorly developed 

Danube 
Slightly indented with pro- Marsh coastline with sand Marsh, lakes, and abandoned 

truding river mouths beaches adjacent to river beach ridges 
mouths 

Ebro 
Smooth shoreline with single Low sand beaches and ex- Salt marsh with a few beach 

protruding river channel tensive spits with some ridges 
eolian dunes 

Niger 
Smooth, arcuate shoreline, Sand beaches nearly contin- Marsh, -mangrove swamp, 

multiple river mouths slight- uous along shoreline and beach ridges 
ly protruding 

Nile 
Gently arcuate, smooth shore- Broad, high sand beaches Floodplain with abandoned 

line with two slightly pro- and barrier formation with channels and a few beach 
truding distributary mouths eolian dunes, beach ridges ridges, hypersaline flats and 

at distributary mouths barrier lagoons near pres- 
ent shoreline 

Sdo Francisco 
Straight, sandy shoreline with High, broad sand beaches Stranded beach ridges and 

single slightly constricted with large eolian dunes dunes 
river mouth 

Senegal 
Straight coastline with ex- High, broad sand beaches Large linear beach ridges and 

tensive barrier deflecting with large eolian; dunes swales, eolian dunes 
river mouth, no protrusion 
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tions and landform combinations rang- 
ing from those which have been pro- 
duced solely by the debouchment of 
the river, without significant interfer- 
ence from wave activi'ty (for example, 
digitate prograded distributaries), to 
those which reflect complete domi- 
nance by the waves in distributing 
sediments and straightening 'the coast- 
line according to their own design (for 
example, deltas impounded by barrier 
islands or spits). Whether forms reflect 
fluvial or wave dominance depends 
largely on the ability of the river to 
supply sediments relative to the ability 
of waves to rework and redistribute 
them. For the purpose of obtaining a 
first-order estimate, the sediment-trans- 
porting ability of the river is assumed 
to be proportional to river discharge 
(5), whereas the ability of waves to 
rework and redeposit sediments is con- 
sidered proportional to wave power. In 
a general sense, then, the greater the 
river discharge -the greater is the wave 
power required to rework the sedi- 
ments into a wave-dominated configu- 
ration. 

As part of a continuing research 
program aimed at explaining the vari- 
ability of the major river deltas of the 
world in terms of 'their process en- 
vironments (6), we have developed a 
procedure for analyzing the discharge 
and wave-power climates of delta 
coasts from published data, maps, and 
aerial photographs. Sets of deepwater 
wave characteristics (specific combina- 
tions of direction, height, and period) 
are obtained from published records or 
by hindcasting from wind data (7) 
where wave data are unavailable. The 
average relative frequency of each set 
of wave characteristics occurring dur- 
ing each month is recorded. These 
values serve as input to a comprehen- 
sive computer program developed to 
compute 'the effects of refraction, 
shoaling, and frictional attenuation in- 
crementally along the wave orthogonal 
by a finite-difference solution to the 
equations of Bretschneider (3) and 
Bretschneider and Reid (4). Wave- 
power values are calculated from the 
changing wave characteristics at each 
3-m depth interval from deep water to 
the 3-m contour. From this depth to 
the shoreline, calculations are made at 
0.3-m intervals. We weight these values 
according to the relative frequencies of 
the initial wave conditions and calcu- 
late weighted mean power values for 
each month along different sectors of 
the coast. The ratio of the average dis- 
charge per unit channel width to the 
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average nearshore power per unit crest 
width yields an index of the sediment- 

transporting ability of the river relative 
to the reworking ability of the waves. 
We refer to this as the discharge effec- 
tiveness index. Although this ratio is 
not dimensionless, relative values and 
ordering between deltas remain inde- 
pendent of units. However, it should be 
noted that absolute values have no 
physical meaning. 

We have applied our wave climate 
analyses to seven of the world's major 
deltas: Mississippi (United States), 
Danube (Romania), Ebro (Spain), 
Niger (Nigeria), Nile (Egypt), Sao 
Francisco (Brazil), and Senegal (Sen- 
egal). These deltas possess unique mor- 
phologies reflecting differing relative 
degrees of riverine and wave control. 
In the order listed above they range 
in configuration from types that are 
almost totally river produced, through 
those reflecting approximately equal 
contributions from riverine and wave 
forces, to types that are completely 
wave dominated. Distinguishing mor- 
phological characteristics of each delta 
are listed in Table 1; corresponding 
mean annual values for deepwater and 
nearshore wave power, mean annual 
discharges, discharge effectiveness in- 
dexes, and attenuation ratios are pre- 
sented in Table 2. Table 1 indicates a 
progressive decrease in river-built fea- 
tures-such as digital distributaries, 
open bays, broad marshes, and cre- 
vasses-and an ascendancy of features 
-such as beach ridges, dunes, spits, and 
barrier formations-which are re- 
sponses to high wave energy. These 
geomorphic tendencies are not explica- 
ble in terms of either deepwater wave 
power or river discharge (Table 2); 
however, there is a close correlation 
with the discharge effectiveness index 
and, to a slightly lesser extent, with the 
nearshore wave power. 

Notably, the Mississippi has higher 
deepwater wave power than the 
Danube, Ebro, and Niger, and the 
value for the Sao Francisco is more 
than twice that of the wave-dominated 
Senegal. The fact that morphology and 
nearshore wave power in no way paral- 
lel deepwater wave power is of primary 
significance. This reflects the funda- 
mentally important role of frictional 
attenuation and the consequently vary- 
ing degrees of power loss owing to 
different subaqueous slopes. Attenua- 
tion increases with decreasing offshore 
slope. Figure 1 shows the average off- 
shore slope configuration for each of 
the seven deltas. Slopes are flat and 
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Table 2. Mean annual discharge and wave-power climate indexes. Wave-power values are 
given per centimeter of wave crest. The discharge effectiveness index is normalized to 
maximum discharge. 

Wave power Discharge Discharge Attenu- 
River (erg/sec) rate effectiveness ation X 103 

Deepwater Nearshore (m3/sec) indexratio 

Mississippi 1.06 X 108 1.34 X 104 17.69 1.00 7913.3 
Danube 2.30 X 107 1.40 X 10 6.29 2.14 X 10-1 2585.0 
Ebro 7.28 X 107 5.09 X 104 0.55 4.87 X 10-2 1299.5 
Niger 6.76 X 107 6.59 X 10 10.90 8.03 X 10-4 102.8 
Nile 1.36 X 108 3.21 X 106 1.47 5.86 X 10-4 42.46 
Sao Francisco 3.71 X 108 9.97 X 106 3.12 2.37 X 10-4 37.2 
Senegal 1.56 X 108 3.77 X 107 0.77 4.75 X 10-6 4.16 

convex seaward of the low-energy 
deltas; they increase in steepness and 

concavity toward the high-energy end 
of the delta spectrum. Similarly, be- 
tween sectors of individual deltas steep, 
concave slopes are contingent with 
zones of high nearshore wave power. 
This is consistent with the general tend- 
ency for wave-built profiles of equi- 
librium to be concave (8). 

The extent to which power is lost 
through friction between deep water 
and the shore is indexed by an attenua- 
tion ratio: 

Pors2/Ps 

where Po and Ps are the deepwater and 
shore power values, respectively, and 
rs is the refraction coefficient nearest 
the shore. A value of 1 for this quan- 
tity indicates complete conservation of 

power; values greater than 1 are pro- 
portional to the degree to which power 
is lost. If it is assumed that the bottom 
roughness is constant, frictional attenu- 
ation rates increase as water depth de- 
creases; and, for the most commonly 
occurring wavelengths, the attenuation 
ratio depends largely on the bottom 

slope from a depth of 10 m to the 
shoreline and to some extent on the 
dominant wave characteristics and the 

obliquity of wave approach. Table 2 

0 

E gNger 
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indicates the general increase in attenu- 
ation ratio that corresponds to the 
decrease in offshore slope, as illustrated 
in Fig. 1. The high attenuation ratio 
for the Ebro (relative to offshore slope) 
is attributable to the high obliquity of 
wave incidence around most of the 
delta front. The subaqueous profile 
fronting a delta can therefore be re- 
garded as a control that determines the 
power of waves that reach the shore. 
For any particular regional continental 
shelf slope, the subaqueous slope will 
depend on the ability of the river to 
discharge sediments faster than they 
can be removed by waves. 

We conclude from the analyses so 
far completed that the morphologies of 
river deltas are, to a considerable de- 
gree, functions of river discharge and 
the strength of wave forces near the 
delta shoreline. The latter cannot be 
assumed to be proportional to the wave 
power in deep water but depends pri- 
marily on the subaqueous profile. 
Hence, before a river can effectively 
oppose the sea to develop a river- 
dominated deltaic configuration it must 
first build a flat, shallow offshore pro- 
file to attenuate incoming waves. The 
actual subaqueous profile which accu- 
mulates in front of a particular delta 
depends partially on the regional slope 

Distance seaward (km) 

Fig. 1. Average subaqueous profiles of seven deltas. 
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of the continental shelf but largely on 
the rate at which the river can supply 
sediments to the nearshore zone. In 
summary, wave forces are the primary 
mechanism whereby the sea reworks 
and molds deltaic sediments; the con- 
struction of flat offshore profiles is 
the basic mechanism by which the 
river is able to overcome wave ef- 
fects. 

L. D. WRIGHT 
J. M. COLEMAN 

Coastal Studies Institute, 
Louisiana State University, 
Baton Rouge 70803 
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ruby sample. 

A persistent deficiency in the routine 
use of the high-pressure diamond cell 
(1) has been the inalbility to determine 
with simplicity and accuracy the pres- 
sure on the sample contained between 
the diamond anvils. In many reports 
pertaining to the diamond cell, pres- 
sures have been determined generally 
from the applied load on the anvils with 

Table 1. Fixed points used to calibrate mea- 
surements of pressure in the diamond cell at 
room temperature. 

Transition 
Substance Transition* pressure 

(kbar) 

CC14 L-I 1.3 

CC14 III-IVt 40 

H20 L-VI 9.6 

H20 VI-VII 22.3 

n-CQH16 L-I 11.4 

C2H5Br L-I 18.3 

* The abbreviation L refers to the liquid state, 
and the Roman numerals designate solid phases. 
t The III-IV transition point of CCl4 was not 
included in the data reported in Fig. 2 because 
of the nonhydrostatic character of the medium 
surrounding the ruby sample. 
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no other factors taken into considera- 
tion (2). This procedure usually results 
in an unsatisfactory estimate of the 
pressure, particularly in the higher 
pressure ranges where errors as large 
as ? 30 percent have been estimated. 
Less frequently, pressures in the dia- 
mond cell have been determined from 
lattice parameters of powdered NaCl 
measured by x-ray diffraction tech- 
niques (3), and, in at least one instance, 
pressures were determined from shifts 
in the optical absorption bands in 
nickel dimethylglyoxime (4). These 
methods for measuring pressure in the 
diamond cell are either grossly inac- 
curate, insensitive, or extremely incon- 
venient, and it is for these reasons that 
we think the diamond pressure cell has 
not realized its full potential as a re- 
search tool. 

We have discovered what appears to 
be a new technique for continuous 
pressure measurement based on the 
the shift in wavelength of the sharp- 
line (R-line) luminescence in ruby 
samples. In all of our experiments to 
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date we have used the diamond-anvil 
apparatus with metal gaskets (5), but 
the method is applicable to any pressure 
system with optical access. In practice 
a small fragment of pink ruby crystal 
(0.05 percent Cr3+, by weight) is placed 
in the diamond cell with the material 
under study. The sample is excited by 
radiation from a super-high-pressure 
mercury arc which is filtered to elimi- 
nate the red wavelengths. A photoelec- 
tric detection system is used with a 
grating monochromator and a strip- 
chart recorder. A typical luminescence 
spectrum of a small fragment of ruby 
contained in the diamond pressure cell 
at ambient atmospheric pressure and 
room temperature is shown in Fig. 1, 
curve A. A similar spectrum is shown 
in curve B, except that here the pres- 
sure on the ruby crystal is approxi- 
mately 22.3 kbar. The ruby sample 
from which this spectrum was Obtained 
was enclosed in the diamond cell with 
an equilibrium mixture of ices VI and 
VII, a point known to be at 22.3 kbar 
and room temperature on the equilib- 
rium phase diagram (6). The sample 
chamber, which is defined by the gasket 
wall and the two diamond anvils, is a 
right circular cylinder approximately 
0.3 mm in diameter and 0.15 mm high. 
Readily measurable signals can be ob- 
tained from ruby samples 'occupying 
20 percent of the cell volume. This 
amount of ruby does not interfere with 
other measurements in the cell. 

In order to calibrate our measure- 
ments in the diamond cell, we have 
used the freezing points of the liquids 
listed in Table 1 along with two solid- 
solid transition points. These materials 
were selected because they have well- 
characterized transition pressures and 
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Fig. 1. The R-line luminescence spectra 
of a crystal of ruby in the diamond cell: 
curve A, ruby sample at ambient atmo- 
spheric pressure; curve B, ruby sample 
in a mixture of ices VI and VII at ap- 
proximately 22.3 kbar; and curve C, 
ruby sample in a mixture of CC14 III 
and IV at an average pressure of 40 kbar 
(nonhydrostatic environment). (Peak 
heights are arbitrary.) 
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Pressure Measurement Made by the Utilization of Ruby 

Sharp-Line Luminescence 

Abstract. A rapid, convenient technique for precision pressure measurement in 
the diamond-anvil high-pressure cell, which makes use of the sharp-line (R-line) 
luminescence of ruby, has been developed. The observed shift is -0.77 ? 0.03 
reciprocal centimeters per kilobar for RI and -0.84 ? 0.03 reciprocal centimeters 
per kilobar for R2 to lower energy and is approximately linear in the range 
studied (to 22 kilobars). Line-broadening has been observed in some instances and 
has been tentatively identified with nonhydrostatic conditions surrounding the 
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