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Abstract 
The distribution of the salt in the center of the doabs between the large and infiltrating 
Punjabi rivers in Pakistan till large-scale irrigation perturbed the groundwater hydrology 
is likely due to accumulation and density flow caused by evaporation triggered by deep 
rooting trees. The situation is dynamic because the rivers have always irregularly and 
often drastically altered their course on time scales that are of the same order as the time 
required to reach a new salt equilibrium after a change of the course of a major river. 
Both this accumulation and the impact of shifting river courses make the subsurface 
salinity distribution highly dynamic on the time scales of centuries to millennia, the 
development of which is highly disrupted due to recent human impact in the water cycle, 
including groundwater. 

Introduction 
There are still large-scale riddles to be solved with respect to subsurface distribution of 
salt water (Bennett et al, 1967). One of the them is that in the Pakistani Punjab as it 
existed before the onset of the large-scale irrigation in the late 1900s. This irrigation has 
massively been developed and intensively used since and has totally perturbed the 
groundwater situation in the area. The groundwater has been dominated for millennia by 
the mighty Indus River and its five large tributary rivers Jhelum, Chenab, Ravi, Beas, 
Sutlej, all emanating from the Himalayas through which they have been deepening their 
canyons to keep pace with the rise of this young mountain range. The Punjab and Sind 
alluvial plains were formed by the thousands of meters thick sediments of these rivers, 
deposited since the onset of the collision of the Indian and Eurasia plates, while the more 
easterly Himalayan Rivers mainly formed the alluvial basins of India (Bender and Raza, 
1995). 



 
Figure 1: Punjabi rivers overview left and in their Himalayan context right, with one of the doabs, 
i.e. the Chaj doab indicated in blue. 

The alluvial planes at the foot of the Himalayas can be regarded as a set of elongated 
islands, called doabs, lying between these large rivers being essentially deserts until 
irrigation commenced (Eggemont 1993). 

 
Figure 2: Salinity within the doabs (left). Right: Chaj and Ravi doabs with groundwater contours 
showing flow dominant flow from the rivers to the doab interiors, based on groundwater data before 
irrigation. 

Mechanisms determining salt distribution in the Punjab 
Originally, the Punjabi Rivers have been mainly infiltrating, as was evidenced by the 
bowl-shaped groundwater surface between them measured in the early period of 
irrigation development (Bennett et all, 1967). Clearly, evapotranspiration must have been 
the major force driving groundwater from the rivers towards the center of the doabs in 
between. This flow caused salt water to mound towards the center of these doabs. Indeed, 



the groundwater in the doabs away from the rivers is generally saline while the flood 
plains along the rivers are fresh over large depths. 

 
Figure 3 Fresh- and saltwater distribution in the doab between the Chenab and Ravi Rivers (USGS, 
1967) 

 
Figure 4: Punjabi rivers with simulated salt distribution, situation ca. 1500BC 

It is hard to imagine a sink for this salt water, which naturally accumulates inside the 
doabs. The large masses of salt required to match evapotranspiration over millennia 
cannot be stored in the unsaturated zone. A large-scale deep groundwater flow towards 
the Arabian Sea some 1000 km further south may provide an unresolved contribution to 
the solution, but is hard to quantify. At least such a flow at an average gradient of 0.175 
m/km is unable to prevent accumulation of salt water within the doabs where flow is 
dominated by the gradient from the rivers to the groundwater depression in the interior of 
the doabs. Therefore, downstream transport of salt water to the Arabian Sea by the 
mentioned natural groundwater gradient cannot provide a substantial discharge of salt 
water from the Punjab. 
A third mechanism might be recirculation of salt caused by density flow triggered by the 
increase of salinity under evapotranspiration from the phreatic zone (Bauer et al, 2006). 
The bowl-shaped groundwater depression between the rivers (fig. 2) that existed before 
irrigation started is indicative of such evapotranspiration. However, the deep position of 
the phreatic surface, which near the center of the doabs reached depths in the order of 20 
m relative to the rivers as well as to ground surface, requires special mechanisms for this 
evapotranspiration to be possible.  



British botanists or geographers have in the nineteenth century registered native plant 
species of the doabs. Among the species abundantly present before the recent irrigation 
development, was Prosopis cineraria, or Ghaf tree, an evergreen and worshipped tree that 
develops taproots up to several tens of meters length (Canadell et al. 1996), thus capable 
of reaching the groundwater anywhere within the doabs. These trees can also withstand 
salinities up to half of that of seawater, while their bean-like fruits are edible by both 
cattle and humans. These fruits have saved people fleeing the fertile flood planes into the 
desert central doabs during wars, which is probably the reason for worshipping the tree 
(Eggemont, 1993). We suspect that the Ghaf tree has been the major cause of 
evapotranspiration of groundwater within and throughout the doabs in their natural 
setting and, through this, dominating the entire natural groundwater distribution and 
salinity of the Punjab. 
It is not likely or even impossible for such trees to be large-scale salt sinks. The fruits of 
these trees are fresh as are the leaves. A major mechanism of the tree to prevent salt stress 
is by a continuous and dynamic formation of new fresh roots with abandonment of old 
roots having become salty. However, large-scale salt accumulation in the Punjabi 
unsaturated zones is not known. We, therefore, adopt that there exists a mechanism that 
returns salt into the saturated zone. It could be flushing after wetter periods or a more 
complex feedback mechanism involves tap and shallow roots in combination with so-
called hydraulic lift (Canadell et al. 1996). Although such mechanisms are known to exist 
they have still not been intensively studied in practice. 
A major mechanism, that incidentally alters the groundwater situation and, in its wake, 
the saltwater distribution are shifts of the course of big rivers, which has taken place 
numerous times in the long and recent past. Of course, shifting river courses are at the 
basis of the filling of whole sinking basin with thousands of meters of sediment. 
Wilhelmy (1969) has mapped courses of the Punjabi rivers over the last four thousand 
years, based among others on archeological sites and historic settlements. Geologists 
have more recently mapped the tectonic lifting of the Punjab and shown this as a major 
cause of a general westward shift of the Punjabi rivers to the west of the Sutley River. A 
shift of a river course, which may be and often has been a sudden event, changes the 
groundwater flow within the system. New freshwater is formed below the new river 
course and the freshwater along its old course gradually disappears, while the water table 
rises below the new river bed and declines under the abandoned riverbed towards its new 
equilibrium. Time to reach a new equilibrium is in the order of 1500 years, based on our 
cross sectional models, which is within the time in which river shifting has taken place. 
As a consequence of these time sales the saltwater distribution in the Punjab is never in 
equilibrium. 
Due to flow from the rivers towards the center of the doabs salt groundwater is 
transported from great depths towards the water table. The evaporation from the doabs 
easily lifts an initial saltwater interface elevation at sea level to the current water table at 
175 m above sea level. From this mechanism, it is clear that the current distribution of 
salt and fresh water is ruled much more by current groundwater flow patterns than by the 
elevation of the sea. 



Return of saltwater due to accumulation under 
evapotranspiration as a major mechanism 
One of the more challenging mechanisms is the return of salt water to the deeper zones 
caused by the density flow occurring near the water table under the influence of 
evapotranspiration in which plants leave salt water behind while extracting groundwater 
as has been demonstrated for the Okavango Delta in Botswana (Bauer et al, 2006). 
This mechanism can be shown to work at least in theory, by demonstrating it in a density 
driven groundwater model. However, the exact mechanism cannot be understood in detail 
due to limitations of our models on the one hand and the lack of supporting field evidence 
on the other. One reason why unstable downward flow of saline water above fresher 
water cannot be accurately modeled is that adequate modeling requires a much smaller 
Rayleigh number than can be achieved in a more wide-scale model necessary to study 
regional phenomena (Post, 2004). This does not mean that such convective flows cannot 
occur in a general density driven groundwater model, but the time and spatial scales in 
which such convective flows occur may be quite dependent on the model and therefore 
deviate from the real world. This means that at most the mechanism can be illustrated, 
without relevance to the scales at which these mechanisms play in the real case. 
Application of spatial and cross sectional density driven models for the Punjab has been a 
challenge. The use of the new MODFLOW 2005 with SWI (Bakker et al, 2013) will 
reveal the overall distribution of the salinity initially, but also discharges saltwater along 
with the evapotranspiration, which will not occur in reality. Of course the same happens 
in SEAWAT (Langevin et al. 2006) when a negative recharge is applied to simulate 
evapotranspiration. This will not happen when simulating evapotranspiration using the 
EVT or ETS packages in MODFLOW, which allow extracting water while leaving salt 
behind, thus causing accumulation of salt, due to which unstable downward transport of 
accumulated salt does take place under the increase of density. 
With such a mechanism, recycling of salt occurs, implying that over time, the salt in the 
system will be a mixture of salt of marine origin, originally in place, and of salt infiltrated 
with the river water and concentrated under the influence of evapotranspiration; hence the 
rivers themselves will be a source of salt on the long run when no escape of salt from the 
system is possible. 
The presentation will concentrate around the simulation of the diverse mechanisms in an 
attempt to illustrate the origin of the saltwater in the Punjab. Especially the redistribution 
of the salt in the subsurface caused by the documented shifts of the Punjabi Rivers over 
the last four thousand years will be illustrated together with their time scales and 
consequences for the current situation. 
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