
J. Environ. Res. Develop. 
Journal of Environmental Research And Development           Vol. 9 No. 01, July-September 2014 

216 
 

A CONCEPTUAL MODEL FOR THE LOSS OF DYNAMIC 
SHEAR-STRENGTH OF THE TURBIDITY CURRENT IN 

THE ENVIRONMENT OF CARBONATE  
COMPENSATION DEPTH 

J. Rajaraman*  K. Thiruvenkatasamy1 and S. Narasimha Rao2 
1. Department of Harbour and Ocean Engineering , AMET University, Kanathur, Chennai (INDIA) 
2. IIT Madras and Dredging Corporation of India, Madras, Tamil Nadu (INDIA) 

  

Recieved December 25,2013                                                         Accepted June 30, 2014 

ABSTRACT 
A turbidity current is a current of rapidly moving, sediment-laden, water moving down a slope 
through water or another fluid. The current moves because it has a higher density than the fluid 
through which it flows. The driving force of a turbidity current is from its sediment which 
renders the turbid water denser than the clear water above. The deposit of a turbidity current is 
called a turbidite. Turbidity currents are an example of density or gravity currents. Turbidity 
currents are characterized by a well-defined front, also known as head followed by a larger 
known as the body of the current. A turbidity current is a suspension current in which the 
interstitial fluid is a liquid (generally water). When turbidity current approaches carbonate 
compensation depth due to environmental changes, it slows down. The shear strength of the 
turbidity current is also reduced. In this paper the interaction between filled fluid space and 
particles is illustrated through a conceptual model involving hypocycloid. The hypocycloid is a 
curve produced by a fixed point p on the circumference of a small circle of radius b rolling 
around the inside of a large circle of radius a > b. The particle circle with radius b rotates inside 
a fluid circle with radius a geo-technically a particle of radius b is inside a fluid environment of 
radius a. The geo-technical behavior of the sediments in suspension depends on a /b ratio which 
is discussed at length in the full paper. When the particle – laden slow turbidity current reaches 
CCD (Carbonate Compensation Depth) all carbonate derived particles are dissolved. The particle 
contact points with other particles decreases in number. Due to this environmental change the 
shear strength which depends upon number of particle to particle contacts decreases with 
decreasing number of contact points. Already dissolved calcium carbonate of any type is no 
longer a frictional material or cementing material. The slow current (the final stage turbidity 
current) reaches Abyssal plain which contains only sand, silt and clay with other oozes. At this 
stage the sediment shear strength is controlled by coaxial component of shear strength (pure 
shear) and non coaxial component of shear strength (simple shear). 

Key Words : Abyssal plain, Carbonate Compensation Depth (CCD), Dynamic shear 
strength, Hypocycloid, Turbidity current 

 
INTRODUCTION 

The nature of turbidity currents 
Turbidity currents are particle-laden gravity-
driven under flows in which the particles are 
largely or wholly suspended by fluid 
turbulence. The turbulence is typically 
generated by the forward motion of the current 
along the lower boundary of the domain,           
the motion being in turn driven by the action of  

gravity on the density difference between the 
particle-fluid mixture and the ambient fluid. 
The ambient fluid is generally of similar 
composition to (and miscible with) the 
interstitial fluid and in most natural cases on 
the earth's surface is water. Turbidity currents 
are non-conservative in that they may 
exchange particles with a loose lower 
boundary (i.e. a sediment bed) by deposition or 
suspension   and   may  exchange fluid with the  *Author for correspondence 
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ambient by entrainment or detrainment. Such 
flows dissipate mainly through deposition of 
the particles. So long as the bed gradient is 
large enough that the turbulence generated by 
the forward motion of the current is sufficient 
to maintain the suspension, the current is said 
to be auto-suspending. 
The concept of turbidity currents 
The recognition of dense, sediment laden 
currents in nature goes back to forel who 
postulated that a subaqueous canyon in lake 
Geneva had been created by underflows from 
the Rhone river. Daly suggested a similar 
mechanism for the formation of submarine 
canyons1 and the name turbidity current was 
apparently coined by Johnson in 1939. 
However, the recognition of the nature of 
turbidity currents and their potential 
importance in the transport of sediment to the 
deep sea (and in the formation of ancient sand 
layers that had previously been interpreted as 
shallow water deposits)2 is due to Kuenen. 
Kuenen and Migliorini who conducted the first 
experiments on turbidity currents.3 That we 
still know so little of the nature and properties 
of natural turbidity currents can be ascribed to 
their infrequent and unpredictable occurrence 
in remote and hostile environments (water 
hundreds to thousands of meters deep) and 
their destructive nature. 
Significance of turbidity currents 
In a geophysical context, turbidity currents are 
important as agents of sediment transport into 
subaqueous environments such as deep lakes 
and oceans and to some extent in the shallower 
seas of the continental shelves. In these 
situations the particles generally consist of 
rock or mineral fragment eroded from the land 
surface, transported by rivers to the shoreline 
and re-sedimented into deeper water by 
turbidity currents. Calcium carbonate particles 
(mainly fragments of invertebrate shells) 
formed in shallow marine environments can be 
similarly re-sedimented into deeper water by 
turbidity currents. Indeed, turbidity currents, 
along with submarine landslides are the 
principal means by which sediment is 
transported from shallower to deeper water. 
Ancient deposits of turbidite sand, deeply 
buried and compacted, form an important class 
of hydrocarbon reservoirs.4 

Natural deposits 
Erosion and deposition by turbidity currents are 
responsible for many of the features seen on the 
modern sea floor. Erosional features range from 
gullies on the upper continental slope, a few tens 
of meters deep and hundreds of meters wide to 
submarine canyons several kilometers wide and 
hundreds of meters deep.5 Depositional features 
include laterally extensive, sheet-like deposits of 
the abyssal plains and also submarine fans, 
which are self-organized systems in many ways 
analogous to river deltas, similarly variable in 
form and ranging from a few kms to several 
thousand kms across. 

METHODOLOGY 
Sediment failure 
The initiation of turbidity currents depends on 
the formation of a sediment suspension. Since 
the 1950's it has been recognized that turbidity 
currents can be initiated by sediment failures 
on the slope. This occurs through the dilution 
and transformation of the resulting submarine 
landslides or debris flows. More recent work 
has evaluated the mechanisms of this 
transition, which occurs either by shearing or 
detachment of material from the surface of the 
debris flow or by the initiation of turbulence 
within the body of the flow which depends 
upon a critical ratio of dynamic stress to shear 
strength, in turn dependent on the proportion 
and type of clay present.6-8 Many such 
submarine failures are initiated by earthquakes 
but in some cases simply result from 
deposition on a slope, leading to over- 
steepening and failure. 
Rivers, flood and storms 
The generation of turbidity currents has also 
been attributed to rivers in flood. Suspended 
sediment concentrations in river outflows are 
typically up to a few kg per m3, falling to a few 
g per m3 in the far field (e.g. Zaire river), In 
plumes generated by river outflows of the 
same order as that due to temperature 
differences and river-generated underflows 
(so-called hyperpycnal flows) are common 
(especially during floods when suspended 
sediment concentrations are high. River 
plumes discharging into the ocean are typically 
positively buoyant since the density difference 
due   to   salinity   normally greatly exceeds the  
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density contribution due to suspended 
sediment. Sedimentation from such plumes 
may generate turbidity currents. 
Other mechanisms 
Other, non-meteorological events on land may 
also be linked to the formation of turbidity 
currents. Earthquake-triggered sub aerial 
landslides can introduce large quantities of 
sediment into river systems. The breaching of 
glacially-dammed lakes may also generate 
turbidities via catastrophic floods). Volcanically 
triggered sub-glacial lake breakouts constitute a 
special case of such events, which may also 
generate turbidity currents when they enter the 
ocean volcanic eruptions can generate turbidity 
currents directly when pyroclastic flows enter 
the sea or indirectly when ash falls and 
pyroclastic flows introduce large quantities of 
ash into river systems, eruptions are often 
accompanied by high rainfall associated with 
eruption column convection, leading to floods 
with extremely high suspended sediment 
discharges that form hyperpycnal flows on 
entering the ocean. Anthropogenic turbidity 
currents include the effects of mine tailings 
being dumped into lake superior, land- fill, such 
as may have contributed to the turbidity current 
in dumping of dredged material at a canyon 
head and trawling along a canyon wall.  
Outlook and open questions 
Experimental investigations of turbidity 
currents are inevitably limited by scale. Since, 
for practical reasons, experiments at any but 
the smallest scales involve the use of common 
fluids, it is generally not possible to maintain 
all the dimensionless parameters within ranges 
appropriate to modeling large-scale flows in 
the environment. Even during the later stages 
of the flow, the boundary layer of the turbidity 
current right above the bed can involve dense 
particle concentrations, so that particle/particle 
interactions cannot be neglected. To a first 
order, the effects may be captured by allowing 
both the effective viscosity of the suspension 
and the particle settling velocity to depend on 
the local volume fraction of the particles. 
However, the true dynamics frequently will be 
substantially more complex, involving the 
interaction of suspended load and bedload and 
the exchange of particles between the current 
and the bed and possibly non-boussine sq  flow  

effects. Given that many hydrocarbon 
reservoirs consist of turbidity current deposits, 
it will be attractive to couple the flow 
simulation to a realistic substrate model for the 
sediment bed that accounts for spatially 
varying distributions of particle sizes, porosity 
and permeability. 
Hypocycloid and shear strength of turbidity 
currents 
Hypocycloid 
The curve traced by a point on a circle of radius r 
as it rolls on the inside of a fixed circle of radius 
R (Fig.1).  

 
Fig. 1 : Generation of hypocycloid 

Let O and C be the centers of the fixed and 
rolling circles, respectively and P a point on the 
moving circle. When the rolling circle turns 
through an angle φ in a clockwise direction, C 
traces an arc of angular width φ in a 
counterclockwise direction relative to O. 
Assuming that the motion starts when P is in 
contact with the fixed circle at the point Q, we 
choose a coordinate system in which the origin is 
at O and the x-axis points to Q. The coordinates 
of P relative to C are (r cos θ− r sin φ). (the 
minus sign in the second coordinate is there 
because φ  is measured clockwise), while the 
coordinates of C relative to O are : 
((R – r) cos θ, (R – r). sin θ) 
Thus the coordinates of P relative to O are, 
x=(R – r) cos θ + r cos φ       
y =(R – r) sin θ - r sin φ                                     (1) 
But the angles θ and φ are not independent, as 
the motion progresses, the arcs of the fixed and 
moving circles that came in contact (arcs QQ'and 
Q' P) must be of equal length be φ. These arcs 
have lengths Rθ and r (θ + φ) respectively, so we 
have R θ = r (θ + φ) Using this relation to   
express φ  in  terms  of  θ,  we get φ = R− r/r θ so  
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that equations 1 can be modified by defining k in 
the following equations :  
(If the smaller circle has radius r, and the larger 
circle has radius R = kr), then the parametric 
equations for the curve can be given by either : 

 

 
or

 
 

If k is an integer, then the curve is closed, and 
has k cusps (i.e., sharp corners, where the curve 
is not differentiable). Specially for k=2 the curve 
is a straight line. 
If k is a rational number, say k = p/q expressed in 
simplest terms, then the curve has p cusps. If k is 
an irrational number, then the curve never closes 
and fills the space between the larger circle and a 
circle of radius R − 2r (Fig. 2). 

 
Fig. 2 : Cycloids and particle to particle contact 

points 

The behavior of turbidity is very complex/ 
chaos 
Any chaos has regular and irregular components. 
There is inherent order in the dynamic state of 
turbidity currents. In the hypocycloid the 
spherical fluid (sea water) is represented by the 
radius ‘R’ and the solid particles (mineral 
content/calcium carbonate) represented by ‘r’. In 
the random nature of turbidity current, the 
rotation of solid particles as hypocycloids 
generates sufficient or even more strength and 
stability to retain particles in suspension and 
movement. In this spatial stability the R/r ratio 
plays an important effect in turbidity currents. A 
point (p) on the spherical particle of radius r 
make contact with the boundary of the fluid 
spherical space of radius ‘R’. The contact points  

are determined by R/r ratio as shown in the 
above figure. Smaller the size of the particles 
more will be the contact points in the boundary. 
The accumulated cumulative effect of different 
graded particles generate lift to maintain stability 
of the turbidity current. 
Environment and turbidity current and CCD 
(Calcium Compensation Depth)  
Facts about CCD:  
1. CaCO3 shells (tests) sink from surface waters. 
2. Tests may reach a depth where water is 

significantly under-saturated with respect to 
CaCO3.  

3. At this depth called lysocline, shells begin to 
dissolve. 

4. In the modern oceans, there is also a depth at 
which there is no longer any free CaCo3. 

5. This depth is called the Carbonate 
Compensation Depth (CCD) = ~ -4 km. 

6. CaCo3 tests accumulate only if they settle on 
seafloor above CCD (Fig. 3). 

 
Fig. 3 : Details of the environment of                                                                                            

carbonate compensation depth9 

Four stages of turbidity current are 
considered: 
1. Before crossing CCD   
2. When crossing lysocline zone.  
3. When crossing the CCD.  
4. After crossing CCD.   
Turbidity current before crossing CCD.  
The fluid filled space R progressively filled by a 
well graded or otherwise, sediment load 
generates the momentum in addition to other 
factors like slope, water depth and other 
obstacles on its way to Abyssal plain. When 
conditions are favorable the turbidity current 
picks up all particles including carbonate 
particles (in any form) and the shear strength 
increases with distance. 
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When turbidity currents crossing lysocline 
layer 
The calcium carbonate and other carbonates 
slowly dissolve R/r ratio increases. The 
proportional decrease in particle to particle 
contact mechanism decreases shear strength of 
the turbidity current. But still the turbidity current 
is mobile and penetrates lysocline layer to reach 
the CCD. 
When crossing CCD  
The dissolution CaCO3 the current weakens 
because of the following reasons. 
1. The unit weight or density of CaCO3 is 2.7 

gm / cm3. 
2. CaCO3 is a good binding material for other 

particles. 
3. The Saline sea water is modified because 

of the dissolution of CaCO3. 
Under these conditions the R/r ratios becomes 
R. The ambient fluid which encloses turbidity 
current now dominates and turbidity current 
loses height and momentum and broadens, 
trying to spread horizontally. 
Turbo current after crossing CCD  
The last leg of transport of the sediment through 
turbidity current is geo-technically important. In 
Abyssal plain the slope is less than 50C in most 
of the areas. The unaffected clay moves along 
with mud and by spreading the sediments create 
Abyssal fans, similar to fans of a river. At this 
stage the turbidity current merges with Saline 
Water after depositing all the particles. The 
reduced shear strength τ = ctr tan φ is a function 
of c and φ. The cohesion C represents coaxial 
component of shear strength and φ represents 
non coaxial component of shear strength. The 
shear strength (τ) is a combination of pure shear 
(c) and simple shear (φ). The sediment just   
moves to and fro in the space of stillness which is 
the environment of Abyssal plain and different 
from the coastal and restless environment.10-12 

RESULTS AND DISCUSSION 
In Fig. 4   and Fig. 5 the point shown as red 
dot moves to generate hypocycloid. The 
particle to particle contact point increases with 
decrease in grain size (represented by r). When 
more and more grains of different sizes 
participate in the cycloidal movement more 
and more frictional resistance is developed. 
Fine   grained   sediment  particle possess more  

staying power as suspension in the dynamics 
of sediments in turbidity currents. Since the 
pull of gravity is more for coarse grained 
sediment. When the turbidity current loses its 
surge it begins to collapse the coarse grained 
particles will be dropped, first and other fine 
grained particles move forward with the 
current. 

 
Fig. 4 : The mechanism of the generation of 

frictional due to particle-particle contacts 

 
Fig 5 : Different types of particles in turbidity 

current 

The lysocline is the depth in the ocean below 
which the rate of dissolution of calcite 
increases dramatically shallow marine waters 
are generally supersaturated in calcite, CaCO3, 
so as marine organisms (which often have 
shells made of calcite or its polymorph, 
aragonite) die, they will tend to fall 
downwards without dissolving. As depth (i.e. 
pressure) increases within the water column, 
the corresponding calcite saturation of sea 
water decreases and the shells start to dissolve. 
The reaction involved, though more complex, 
can be thought as:  
CaCO3(s) + H2O + CO2 → Ca2+(aq) + 2HCO3

-(aq).  
At the lysocline, the rate of dissolution 
increases dramatically. Below this, there exists 
a depth known as the Carbonate Compensation 
Depth (CCD) below which the rate of supply 
of calcite equals the rate of dissolution, such 
that  no  calcite  is  deposited. This depth is the  
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equivalent of a marine snow-line and 
averages about 4,500 meters below sea level. 
Hence, the two are not equivalent. The 
lysocline and compensation depth occur at 
greater depths in the atlantic (5000-6000 m) 
than in the pacific (4000 - 5000 m) and at 
greater depths in equatorial regions than in 
polar regions.  

 
Fig. 6 : (a) Carbonate particle above CCD, (b) 
carbonate dissolving in lysocline depth, (c) 
carbonate particle completely dissolved (cal-
gone)  
Available documented photographic evide-
nces of the carbonate compensation depth 
environment.13 
The depth of the CCD varies as a function of 
the chemical composition of the seawater and 
its temperature. Specifically, it is the deep 
waters that are under-saturated with calcium 
carbonate primarily because its solubility 
increases strongly with increasing pressure and 
salinity and decreasing temperature. Further 
more, it is not constant over time, having been 
globally much shallower in the cretaceous 
through to eocene. If the atmospheric 
concentration of carbon dioxide continues to 
increase, the CCD can be expected to rise, 
along with the ocean's acidity. (Fig.7) 

 
(a)                               (b) 

South Central Atlantic 10ºS, 15ºW,Water depth: 1959m 
Sample Ref : INMD-110BX ,PPL Courtesy :  Paula 
Worstell, SIO 

Fig. 7 : Foraminiferal ooze with pteropods 

Abundant whole foraminifer tests (some 
opaque due to size and presence of air bubbles 
within   test   chambers), foraminifer fragments 
from larger foraminifera and pteropods compr-
ised of calcium carbonate and aragonite indicate 
a sample from well above the CCD. Benthic 
foraminifera and sponge spicules are also 
present.   

(a)                               (b) 
Eastern North Pacific10ºN, 109ºW, Water depth : 2845m,  
Sample Ref : BNFC-44P, 1cm,  
PPL Courtesy: Paula Worstell, SIO 

Fig. 8 : Calcareous ooze 

The foraminifera are in the size range 0.05-
0.10 mm. 
Pathway down to CCD 
At deeper water depths the calcareous ooze 
consists mainly of fragmented foraminifera 
tests; complete foraminifera tests are rare. The 
sediment is still highly calcareous and larger 
fragments are in the size range 0.05-0.10 mm 
(Fig.8). 
Approaching the CCD 
At water depths approaching the CCD, 
foraminifers are mostly dissolved; only very 
small calcareous fragments remain. Siliceous 
microfossils are not dissolved. Fragments of 
siliceous radiolarians are present. The larger 
grains are of the order of 0.05 mm in size  
(Fig.9). 

(a)                               (b) 
Eastern North Pacific12ºN, 110ºW,, Water depth: 3891m, 
Sample Ref: NFC-53P, 6cm, PPL,Courtesy: Paula 
Worstell, SIO 

Fig. 9 :Clayey calcareous ooze 
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Below the CCD 
Below the CCD calcium carbonate is dissolved. 
Although calcareous microfossils may be living 
in the water column, their tests are not preserved 
in sediments on the sea floor. Seen here is a 
barren, fine-grained clay. Reddish-brown grains  

 
(a)                               (b) 

North Pacific, East of Hawaii, 27ºN, 147ºW, Water 
depth: 5365m, Sample Ref: ZETES-38G, 64cm,  
PPL,Courtesy: Paula Worstell 

Fig. 10 : Deep see red clay 

and irregular flecks of iron oxides are present 
together with clay- and very fine silt- grade 
mineral particles. Individual grains are under 4 
µm (0.004 mm) in size (Fig.10). 
Below the CCD 
Deposited below the CCD, this fine-grained 
deep-sea clay contains some diatoms and 
siliceous spicules. Because the calcareous 
components are dissolved, siliceous microfossils 
are often concentrated in sediments deposited  

(a)                               (b) 
North Central Pacific, 33ºN, 174ºW,Water depth: 5530m, 
Sample Ref: JYN-4G, 27cm 
PPL Courtesy: Paula Worstell, SIO 

Fig. 11 : Deep sea red clay 

below the CCD. Diatoms are in the size range 
10-100 µm (0.01-0.1 mm) and individual clay 
grains are under 4 µm (0.004 mm) in size 
(Fig.11). 
Rapid burial, below CCD 
An unusual occurrence of a foraminifera nano-
fossil ooze recovered from well below the 
CCD.   A    turbidity   current transported these  

calcareous sediments from a nearby 
topographic high. Rapid burial protected the 
calcareous microfossils from dissolution. The 
small planktonic foraminifers are in the size 
range of 0.05-0.10mm. Fragments of larger 
foraminifera are also present (Fig.12). 
 

(a)                               (b) 
SW Pacific, Samoan Passage, 17ºs, 168ºW, Water depth: 
5763m,, Sample Ref: CATO-29PG, 25cm, PPL Courtesy: 
Paula Worstell, SIO 

Fig. 12 : Foraminifer nanno fossil ooze 

The CCD in the Pacific Ocean 
The CCD in the Pacific Ocean lies between 
4200-4500 meters. This barren fine-grained 
red clay was recovered at a water depth of 
5060m, well below the CCD in the central 
Pacific. Reddish-brown grains and irregular 
flecks of iron oxides are present, together with 
clay- and very fine to fine silt-grade mineral 
particles. Large grains are about or under, 0.01 
mm in size (Fig. 13). 

 
(a)                               (b) 

Central Pacific, 23ºN, 153ºW Water depth: 5060m, 
Sample Ref: HILO-7G, 5cm,  
PPL Courtesy: Paula, Worstell, SIO 

Fig. 13 : Deep see red clay 

CONCLUSION 
To understand the inherent and intrinsic nature 
of turbidity currents multi-disciplinary 
approach is needed. The optimizing capacity of 
nature creates inherent secrets and 
uncertainties. In conventional laboratory based 
and non-marine field based consolidation test 
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the water is expelled from the pores as excess 
pressure. In deep marine geo-technology the 
solids of the sediments disappear ( dissolved ) 
the saline water space closes in turbidity 
currents. The collapse of the turbidity current 
is a complex mechanism in which the soil 
mechanics (sediments dynamics) also 
contribute by losing solids        ( carbonate 
particles). The hypocycloid effect is discussed 
for one particle for simplicity and 
understanding but in reality the dynamic 
frictional resistance among particle to particle 
the dynamic frictional resistance among 
contacts play an importance in the buildup of 
frictional resistance and gradually losing the 
resistance by losing (dissolving) of carbonate 
particle which as cementing or binding 
material. Finer particle create more and more 
contact resistance with other particles. Gravity 
effect is less on finer particles and on favorable 
conditions it is more on coarse grained 
particles. The destructive or constructive 
nature of turbidity currents is not independent. 
It is nose-lead by the environment as discussed 
in CCD and related environments. The 
ultimate deposits on the Abyssal plain consists 
of oozes, silicon material and clays. Deposits 
of low shear strength sediments on Abyssal 
plain is due to frictional resistance of sand 
(non-coaxial component of shear strength and 
cohesion due to clays (coaxial component of 
shear strength) in the presence of saline water 
environment. The restless nature of the earth is 
more only in shallow water. In deep ocean the 
environment is calm controlled by the still 
nature of Abyssal plain and the saline water 
associated with it. Multi-disciplinary approach 
is the only option to understand ocean/ ocean 
engineering more. 
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