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Abstract 

The purpose of this study is to evaluate the geochemistry of surface waters and 

pore waters of Dasht-e-Nawar, Afghanistan to look for evidence of a groundwater brine, 

potentially containing lithium, existing at present or in the geologic past.  The hydrology 

of the basin has been largely unstudied (Förstner, 1973), but the basin has been explored 

in the past for potash and other evaporite resources.  Recently there has been a renewed 

interest in the basin as a possible lithium resource because it fits the conceptual deposit 

model for basins containing lithium brines (Munk et al., 2016).  Interpretation of water 

geochemical analyses, including Stiff and Piper diagrams and Na vs. Cl plots, suggests 

that saline, evaporative lake water infiltrates the subsurface and mixes with fresh local 

groundwater, thus preventing the formation of a brine at depth.  A linear mixing model 

was constructed using fresh inlet waters and saline shallow pore waters as the two 

endmembers.  The model estimates that while some buried lenses of pore water may 

contain up to 47% of the saline shallow pore water endmember, most of the basin pore 

waters are composed of the freshwater endmember.  This interpretation suggests that a 

brine could not form in the basin subsurface because of groundwater mixing and dilution 

of the shallow, saline pore waters.  Hence, while Dasht-e-Nawar appears to be a closed 

basin with respect to surface water flow, it may not be closed to groundwater flow.  Basin 

boundary faults could provide a pathway for groundwater outflow. 
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Introduction  

General Geographic and Geologic Setting 

The Dasht-e-Nawar dry lake (referred to in this document as Ab-e-Nawar) is in the 

southern portion of the Dasht-e-Nawar regional depression in the Ghazni Province, 

Afghanistan, roughly 170 km southwest of the nationôs capital, Kabul, in the south flank 

of the Hindu Kush Mountain Range (Miller and Sabins, 2010) (Figure 1).  Endorheic lakes 

like Ab-e-Nawar are typically found in arid areas where the rate of evaporation exceeds 

that of precipitation and the subsidence rate surpasses that of sedimentation (Förstner, 

1973).  Ab-e-Nawar is the largest endorheic lake in Afghanistan and is situated at the 

highest elevation (3,158 m) of any of the dry lakes in the country (Miller and Sabins, 2010).  

Miller and Sabins (2010) report that Ab-e-Nawar is unique with respect to the other dry 

lakes in Afghanistan as such features are typically located at lower elevations and 

surrounded by subdued topography.  The higher elevation and even higher surrounding 

bedrock (up to 4800 m) outcrops of the Dasht-e-Nawar basin are more like the topographic 

and geologic settings of dry lakes in the Andes of Bolivia and Chile (Miller and Sabins, 

2010).   

Some of the differences between Ab-e-Nawar and other dry lakes in Afghanistan 

may be attributed to basin provenance.  While Förstner (1973) postulates that endorheic 

lakes are commonly found in areas where recent crustal movement has occurred creating 

sinks, Miller and Sabins (2010) propose that the origin of basin subsidence at Dasht-e-

Nawar is not a result of tectonics and interpret the basin as a caldera resulting from 

localized volcanic activity likely formed via caldera collapse after the eruption of the 

Pleistocene extrusive volcanic rocks [andesite tuff (Q1at, Figure 2) and rhyodacite (Q1rd, 



2 

Figure 2)] that have been observed and mapped on the east and south sides of the basin.  

The caldera interpretation is further supported by the observation that the landscape is 

riddled with northeast- to southwest-striking faults and folds, but the basin trends due north 

and does not offset the stratigraphic and structural trends of the local geology as seen in 

Figure 2 (Ruleman, et al., 2007; Miller and Sabins, 2010).   

 

 

Bohannon (2007) reports that the mountains to the east and west of the basin are 

composed of Paleozoic to Mesozoic clastic sedimentary rocks, limestone, and dolomite 

and that a few outcrops of older metamorphic rocks are shown in contact with these rocks 

at fault contacts.  The map in Figure 2 illustrates that many of the geologic units near 

Dasht-e-Nawar are separated by fault contacts.  The Dasht-e-Nawar depression itself, 

according to Doebrich and Wahl (2006) and Miller and Sabins, (2010), is filled with 

Quaternary alluvium as well as some relatively older Pleistocene extrusive volcanic units. 

Figure 1.  The geographic location of Dasht-e-Nawar (Google Earth, 2015) and an inset showing the 

extent of the Dasht-e-Nawar basin (yellow outline) and dry lake (red outline) from a Landsat regional 

TM 2-4-7 image acquired in 2000 (from Miller and Sabins, 2010). 
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Lake deposits (Holocene) 

Fan Alluvium and Colluvium  

 (Holocene and Late Pleistocene) 

Andesite tuff (Early Pleistocene) 

Siltstone and sandstone  

(Early Jurassic and Late Triassic (Rhaetian)) 

Limestone and dolomite (Late Permian) 

Limestone and dolomite 

 (Middle and Early Devonian) 

Sandstone and siltstone (Ordovician) 
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(Mesoproterozoic) 
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Figure 2. A geologic map of Dasht-e-Nawar (from SRK Consulting, 2014) showing the Dasht-e-Nawar basin (green outline), Ab-e-Nawar (red outline), 

and lake deposits (blue crosshatch).  The depression cross-cuts the local geologic features and has been interpreted as either a caldera collapse (Miller 

and Sabins, 2010; Doebrich and Wahl, 2006) or as an extensional basin (SRK Consulting, 2014). 
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Förstner (1973) reports that the sediments in the basin are roughly equal parts dolomitic 

carbonate sediments and volcanic tuffs.  A regional digital elevation model (DEM) 

acquired by NASA Shuttle Radar Topography Mission (SRTM) (Figure 3) shows the 

occurrence of cinder cones in and around the basin which lends credibility to the caldera 

interpretation (Miller and Sabins, 2010).  

 

 

An alternative hypothesis for the formation of the Dasht-e-Nawar depression is 

that it is a structurally controlled basin within an overall extensional system of faults.  

After considering the work of Doebrich and Wahl (2006), Ruleman et al. (2007), and 

Miller and Sabins (2010), SRK Consulting (2014) supports the interpretation that the dry 

Figure 3.  A DEM image of the Dasht-e-Nawar basin acquired by NASA Shuttle Radar Topography 

Mission (SRTM).  Dasht-e-Nawar basin outlined in yellow and Ab-e-Nawar dry lake outlined in red.  

Green arrows indicate prominent cinder cones in and around the basin (from SRK Consulting, 2014). 
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lake occupies a ñnorth-south trending basin as a result of a complex structural control that 

has also provided loci for subsequent intrusive and extrusive igneous activityò.  This 

hypothesis considers the tectonic setting described by Förstner (1973) as well as the 

presence of volcanic structures and igneous rocks within the basin.  The region of 

Afghanistan containing the Dasht-e-Nawar basin is considered the most structurally 

complex portion of the country, which lends merit to the idea that the basin is structurally 

controlled (SRK Consulting, 2014).  Further studies of the geological and structural 

characteristics of the area are warranted to settle any debate on the formation 

mechanism(s) of the basin. 

Although the hydrology of the basin has not been studied extensively, the western 

border of the basin contains numerous springs that supply water to Dasht-e-Nawar 

(Miller and Sabins, 2010).  Förstner (1973) observed that, while there is no perennial 

surface water contribution to the basin, numerous groundwater springs in the basin 

exhibit a constant flow volume throughout the year.  The discharge from these springs is 

sufficient to produce permanent pools along the western edge feeding the wetlands that 

are present in that portion of the basin (Figure 4) and providing water for irrigation (SRK 

Consulting, 2014).  The spring snowmelt from higher elevation peaks surrounding Dasht-

e-Nawar is the primary contributor of water, by volume, to the basin.  Water levels of 

Ab-e-Nawar during the spring months (March to mid-June) are dependent on 

precipitation from the previous wet season (October to April).  Evaporation and 

infiltration cause the lake to shrink and disappear by late summer (Ostrowski et al., 2008; 

SRK Consulting, 2014; Stillings et al., 2015).  The Landsat images in Figure 4 show the 
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surface water coverage of Ab-e-Nawar from April 2013 to May 2014 (Kalaly, S., in SRK 

Consulting, 2014). 

Very little data exists concerning the average precipitation, solar radiation or wind 

conditions in the Dasht-e-Nawar basin (SRK Consulting, 2014).  The winter season, late 

November to February, is characterized by very cold conditions, while the basin 

experiences hot and dry conditions during summer (mid-June to mid-September) and the 

mean minimum temperature in the basin is above freezing for only three months each 

year (SRK Consulting, 2014).  

Figure 4.  Landsat images of the extent of Ab-e-Nawar from April 2013-May 2014 (from Kalaly, S., in 

SRK Consulting, 2014).  The wetlands in the basin are the green area on the western edge of the basin 

in this figure. 

b 
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Ecological and Archaeological Significance 

Dasht-e-Nawar is not only unique with respect to its topographic and geologic 

settings but also in its ecological and archaeological importance.  The basin, especially 

the wetlands on its western border, is a common stop-over for migratory birds and a 

breeding ground for others (Boere et al., 2006; Ostrowski et al., 2008).  Dasht-e-Nawar is 

the highest-elevation breeding ground of the Greater Flamingo (Phoenicopterus roseus) 

and in 1974 was declared a National Waterfowl and Flamingo Sanctuary by the 

government of Afghanistan although protection of the area has not been enforced since 

the late 1970s (Boere et al., 2006; Ostrowski et al., 2008).  An important obsidian 

resource and prehistoric tool-making industry located in the Dasht-e-Nawar basin was 

documented by Davis and Dupree (1977).  Their study marked the first time that obsidian 

was found in any archaeological context in Afghanistan.  A structure that Davis and 

Dupree (1977) referred to as ñthe hill fortressò, a collection of stone walls of 

undetermined age, was also found in the basin and is unique in that none like it has been 

found elsewhere in Afghanistan.  More recently the basin has been employed as 

rangeland by nomadic pastoralists and is home to a local population of around 24,000 on 

the western side of the basin in proximity to the wetlands (Ostrowski et al., 2008).   

Economic Potential 

The potential economic value of the Dasht-e-Nawar basin has been explored as 

far back as the 1940s (Smith, 1975).  The first published report on the potential for 

exploiting evaporite minerals precipitated from brines in endorheic lakes in Afghanistan 

was written by George I. Smith and released as an open file report by the USGS in 1975 

(Smith, 1975).  Dasht-e-Nawar was one of several locations studied in the report and was 
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selected for the study because of its potential as a source of sodium carbonate or soda ash 

(Na2CO3).  After studying the brines in the basin, Smith (1975) recommended Dasht-e-

Nawar as ñfirst priorityò for further study, although he did cite the ñimpervious mudsò in 

the basin as a potential inhibitor to brine extraction. 

Further studies in the area were put on hold because after the Soviet invasion of 

Afghanistan in 1979, foreign scientists did not visit Dasht-e-Nawar (Ostrowski et al., 

2008).  The Soviets withdrew in 1989 and left behind detailed exploration works which 

were later lost or destroyed during the Taliban regime from 1996-2001.  Since the 

establishment of a democratic government in Afghanistan, an effort has been made to 

develop the Afghanistan economy through the development of natural resources.  In 2009 

the Department of Defense Task Force for Business and Stability Operations consulted 

with the United States Geological Survey (USGS) and Cathay Oil and Gas to explore the 

possibility of rebuilding rural economies in the country via mineral resources like lithium 

(Li) brines (Stillings et al., 2015).  These discussions resulted in Cathay Oil and Gas 

being tasked with the use of remote sensing to explore for lithium in nine dry lake basins 

including Dasht-e-Nawar using boron (B) as a proxy for lithium because of the close 

association between Li and B in other areas containing lithium-bearing brines (Stillings et 

al., 2015).  The Cathay Oil and Gas sampling trips yielded data that warranted further 

consideration of the Dasht-e-Nawar basin as a site for further Li brine exploration 

(Stillings et al., 2015).  CENTAR American Technical Services and SRK Consulting 

Inc., with support from the USGS, conducted drilling in September 2014 resulting in the 

collection of six sediment cores, the locations of which are displayed in Figure 5 with 

additional data given in Table 1. 
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Figure 5.  The locations of the water samples taken from the Dasht-e-Nawar basin.  The green outline shows the area within which Förstner (1973) 

collected lake water samples as the exact location of each sample was not reported.  The large black dots indicate the locations of the boreholes from 

which pore water samples were collected, the squares (PT17-PT20) represent the shallow pit water samples (SRK Consulting, 2014), the red dots 

(IWS01-IWS08) mark the locations of the inflow (fresh) water samples (SRK Consulting, 2014), and the blue diamond (DW-01) shows the location of 

the water used in drilling the boreholes (Stillings, et al., 2015).  Background image taken from World Imagery in the Global MapperÊ database.  

Transect AðB is a north-south line of reference used for the plots in Figure 7. 
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Purpose of Study 

The purpose of the current study is to evaluate the geochemistry of the surface 

waters and pore waters of Dasht-e-Nawar to look for evidence of a groundwater brine, 

potentially containing lithium, existing at present or in the geologic past.  Geologic 

settings of lithium brine deposits throughout the world have been described by Munk et 

al. (2016) who conclude that the deposits have six common characteristics:  ñ(1) brines 

occur in arid climates; (2) the basins are hydrologically closed and contain a salar (salt 

crust), a salt lake, or both; (3) there is igneous and/or geothermal activity near the basin; 

(4) the basin was formed by tectonically driven subsidence; (5) there is a source of 

lithium for the brine; and (6) there has been sufficient time for the brine to concentrate 

through evaporationò (Munk, et al., 2016).   The first criterion is that the basin is in a 

region with an arid climate and, as discussed above, Dasht-e-Nawar fits this criterion.  

Dasht-e-Nawar also fits the second criterion of being a ñclosed basin containing a salar 

(salt crust), a salt lake, or bothò as salt crusts were reported by Fºrstner (1973) and Smith 

Table 1.  The locations and depths of the sediment cores/boreholes taken September 2014 in Dasht-e-

Nawar, Afghanistan.  [GPS, global positioning system; m, meters] (Stillings et al., 2015)  
*Estimated from Global Mapper, Aster GDEM V2 Worldwide Elevation Dataset 
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(1975) and Ab-e-Nawar is a saline, evaporative lake with no surface outflow (Miller and 

Sabins, 2010).  The third criterion suggests that a basin has the potential for containing 

lithium-rich brines if ñassociated igneous and/or geothermal activityò exists.  As 

discussed above, the Dasht-e-Nawar basin contains evidence of past igneous activity and, 

while not confirmed, geothermal activity in the basin has been speculated since at least 

the early 1970ôs (Fºrstner, 1973, Miller and Sabins, 2010).  ñTectonically driven 

subsidenceò is the fourth criterion, and while, as mentioned previously, some debate 

exists on the geologic origin of Dasht-e-Nawar, the fault-riddled landscape suggests that 

there may be a tectonic component to the subsidence of the basin and SRK Consulting 

(2014) argues that the basin subsidence is a result of extensional tectonics.  The fifth 

criterion, ñsuitable lithium sourcesò is unknown although volcanic tuffs in the region 

might be a possible source of lithium.  The final criterion is that there must be ñsufficient 

time to concentrate brineò.  While sediments within the Dasht-e-Nawar basin have not 

been dated, the basin is believed to have formed from the subsidence in the Early 

Pleistocene and is filled with Holocene-aged playa deposits (SRK Consulting, 2014).  

Hypothesis 

 The research hypothesis is that the Ab-e-Nawar lake water is preserved as pore 

water in the basin sediments under the lake, and that its paleo-salinity can be determined 

through geochemical analysis of the basin pore waters.     
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Methods 

Sample Collection 

Sediments 

 CENTAR American employed sonic technology to drill six boreholes at Dasht-e-

Nawar, totaling 406 m of sediment material.  They collected water from a spring on the 

west side of the basin to use as drilling fluid (Stillings et al., 2015).  The locations of the 

six boreholes within the basin are depicted in Figure 5 and the GPS coordinates and 

depths of each core are given in Table 1.  Elevation was not collected for Borehole 1, but 

was estimated with Global MapperÊ software, using the Aster GDEM v2 worldwide 

elevation dataset, available in the program.  After collection, the cores were shipped from 

Dasht-e-Nawar to Kabul, quartered lengthwise into sample splits, and placed into core 

boxes for shipment out of the country.  The sample split used in this study was sent to the 

laboratory of the USGS Central Minerals and Environmental Resources Science Center 

in Lakewood, CO where the boxes were opened and the sediments air dried before 

examination and sampling.  

Pore Water 

 A Push-Ahead groundwater sampling system was used to collect pore water 

samples during the drilling of the boreholes at 9 m intervals (with one sample taken at 4.4 

m in Borehole 1).  After being inserted into the casing and lowered to the bottom of the 

borehole, the Push-Ahead sampling mechanism was sonically driven beyond the bottom 

of the borehole into virgin material where it obtained pore water samples that did not 

come into contact with any drilling water.  Upon collection, sediment was allowed to 

settle in buckets before the water was poured into bottles and capped.  The samples were 
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not filtered or acidified in the field, and a constant temperature was maintained during the 

handling and shipment of the samples to the U.S. (Stillings et al., 2015).    

Core Physical Description 

Descriptions of the cores were performed and recorded with respect to grain size, 

color, the presence of organic material, and the occurrence of any paleontological 

materials (fossils).  Grain size was determined using the Udden-Wentworth scale and 

color was designated using the Munsell Soil Color Book (Munsell Color Company., Inc., 

2013) and was assigned using the closest match on the color charts.  When the color of a 

sediment was an intermediate between two colors on the chart, the convention was to 

denote this using the decimal .5 for resolution.  For instances in which this resolution did 

not seem adequate (the range was much greater or much less than halfway between two 

colors), a note was made on the core description log that the color fell between two colors 

and those colors were listed on the log.  Transitions between sedimentary units were 

based on color changes and/or changes in grain size.  Although not discussed in further 

detail here, the complete core descriptions are available in Appendix I of this report. 

Sample Collection from the Cores 

Collection of Organic and Fossil Material 

During the core description process, a Bausch & Lomb 15X binocular microscope 

was used to examine visible organic and/or fossil material.  Samples were collected for 

processing when paleontological or organic materials were observed or when there was 

reason to believe they might have been present even when they were not immediately 

identifiable via visual inspection.  The samples collected from a sedimentary unit were 

selected to be representative of the entire unit with respect to color and grain size, and 
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multiple samples were sometimes taken from a single unit for use as duplicates in 

analyses or to represent slight changes within a unit.  Larger sedimentary units (those 

spanning multiple meters within the core) were often sampled multiple times with the 

best yield of material upon processing being used to represent the unit.  

Processing of the samples included disaggregating and sieving the samples with 

any fossil and/or organic materials being separated from the sediments.  A total of 301 

samples were collected with a portion of each sample being disaggregated using the 

method described by Hoenstine (1996) in a mixture of a water and sodium 

hexametaphosphate solution that was warmed on a hotplate to ~80°C, being stirred 

occasionally, to disaggregate the sediment.  The disaggregated sediment was then sieved 

using a 200mm (8-inch) sieve with an opening of 63 microns (µm).  Water was gently 

rinsed through the sediment during the sieving process until only sand-sized particles 

remained.  The sample was then rinsed into a petri dish where organic material, when 

present, was floated off and/or picked from the sample using forceps.  When very small 

pieces of organic material were present, a pipette was used for extraction. This process 

yielded 301 sand-sized sediment samples and 56 samples of organic material with 20 

samples being chosen for C-14 dating based on the amount of organic material present a 

sample, the sampleôs position within the core, and relevance with respect to correlation 

between cores.  All C-14 analyses were performed by the Lawrence Livermore National 

Laboratory (LLNL) in Livermore, CA with the raw C-14 data with sample numbers 

denoting the Core/Borehole numbers and depths of the samples being included in 

Appendix II . 
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After the organic material had been removed, the residual sediment was funneled 

through filter paper to remove excess water and then be dried overnight.  Fossils were 

picked out of the dry sediment using a fine, moist paintbrush and transferred to slides.  

This process yielded slides of both ostracode shells and of other unidentified shell 

material which have been stored for possible further analyses.  Ostracode shells were 

extremely prevalent in the cores with nearly all the samples collected containing fossils.  

A data table depicting the occurrence of larger shell material not belonging to ostracodes 

is available in Appendix II I of this report. 

Literature Sources of Additional Data 

 The paper by Förstner (1973) is the first known to report water chemistry data 

from Dasht-e-Nawar.  Förstner collected lake pore water samples from Ab-e-Nawar from 

JuneðOctober 1969, from locations within the green boundary marked in Figure 1.  

These data are tabulated here (Appendix IV) and used for comparison with the borehole 

pore waters collected by CENTAR American (Appendix V).  In 2014, SRK Consulting 

collected samples of surface óinflowô water to Dasht-e-Nawar, and pore water samples 

from shallow, 1.2 m pits that they dug into the playa surface.  Locations of these samples 

are marked in Figure 1 with an ñIWSò sample name prefix for the surface inflow waters, 

and a ñPTò prefix for the shallow pit samples.  These data are tabulated in Appendix IV. 

Analyses 

Sediment Chemistry 

Sediment samples were analyzed using the USGS in-house methods described in 

Taggart (2002) and on the USGS Mineral Resources Programôs Analytical Chemistry 

webpage.  Combustion was used to determine total sulfur (Chapter Q, Taggart, 2002); 
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total carbon (Chapter R, Taggart, 2002); organic; and carbonate carbon (Method no. 4, 

USGS, 2017).  Mercury was analyzed using cold vapor atomic absorption spectrometry 

(CVAAS, Chapter M, Taggart, 2002); selenium using hydride generation atomic 

absorption spectrometry (HGAAS, Chapter L, Taggart, 2002); and ion selective electrode 

methods were employed to determine fluorine (Method no. 9, USGS, 2017) and chlorine 

(Method no. 10, USGS, 2017).  Inductively coupled plasma mass spectrometry (ICP-MS) 

was used to determine other major and minor elements (Chapter I, Taggart, 2002) and 

trace elements (Chapter K, Taggart, 2002) within the samples. 

Pore Water Chemistry 

The pore water samples were analyzed using the USGS in-house methods.  

Inductively coupled plasma mass spectrometry (ICP-MS) for elements in aqueous 

samples (Chapter H, Taggart, 2002) was employed to determine concentrations of major, 

minor, and trace elements; ion chromatography (IC) for anions (Chapter V, Taggart, 

2002); and titration for alkalinity (Chapter E, Taggart, 2002) at the USGS laboratories in 

Lakewood, CO.  Samples of the drilling (spring) water were also analyzed using the same 

techniques.  Analytical results are tabulated in Appendix V. 

Carbon-14 Dating   

 Radiocarbon dating was performed on selected samples using accelerator mass 

spectrometry at the Lawrence Livermore National Laboratoryôs Center for Accelerator 

Mass Spectrometry in Livermore, CA.  Samples were selected based on the amount of 

sample present, as to ensure enough material was available for C-14 analysis, and depth 

within the core. The raw data and plotted uncalibrated dates from these analyses are 

given in Appendix II . 
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Aqueous Speciation Models 

The SpecE8© application of The Geochemistôs WorkbenchÊ (GWB) 

geochemical modeling code was used to model the aqueous speciation in each of the pore 

water samples.  The results of this modeling were plotted into Stiff and Piper plots and 

the ionic strength determined by the models were plotted as part of the mixing analysis in 

this study.  Models were created for each depth at which pore water chemistry was 

reported throughout each of the six boreholes, and all reported analytes were used as 

model input.  The ions and parameters used as input for these models are shown in Table 

2 and the complete geochemical data is included in Appendices IV of this report. When 

the concentration of an ion was below the detection limit (DL), the convention of using 

half of the value of the detection limit was employed.  For instance, if the DL of Li was 

50 µg/l and the analysis reported that it was below the DL (< 50 µg/l), then a value of 25 

µg/l was used as the model input.  In this study, the ionic strength calculated by the 

speciation model at each depth in each borehole was used as a comparison to Na+ and Cl- 

concentrations at those depths. 

Table 2.  The Basis Species input for the construction of aqueous speciation models using The 

Geochemistôs WorkbenchÊ.  A default temperature of 25ęC and 1 atm pressure was used in model 

calculations.  Alkalinity is total inorganic carbon (TIC) as the model depicts a closed system. 



18 

Linear Mixing Model  for Pore Waters 

Linear mixing models were created to interpret the composition of pore waters 

with respect to the composition of saline and freshwaters found in the Dasht-e-Nawar 

basin.  Na+ and Cl- were used as the conservative ions in the linear mixing models.  Data 

were collected from the literature to supplement the pore water chemistry (Appendix V) 

reported here.  These literature data included evaporated lake pore water chemistry 

(Förstner, 1973), and chemistry of surface inflow and shallow pit pore waters of the basin 

(SRK Consulting, 2014), and were used to calculate the fresh and saline endmembers for 

use in the model calculations (the details of these calculations are found in the Discussion 

section of this report).  The locations of these water samples are shown in Figure 5 and 

the geochemical data is given in Appendix IV of this report.   

The linear mixing model describes the mixing of the saline water and the fresh 

water present in the Dasht-e-Nawar basin.  To calculate the volume ratio of saline water 

to fresh water, the following equation was used (Langmuir, 1997):   

ἠἾ
ἤ

ἤ

Ἅ Ἅἵ
Ἅἵ Ἅ

 
(1) 

where Rv is the volume ratio of saline water (V1) to fresh water (V2) and where C1 is the 

concentration of the ion in the saline endmember, C2 is the concentration of the ion in the 

fresh water endmember, and Cm is the measured concentration of the ion in the pore 

water sample. 

The error on the Rv value was calculated using the error propagation methods 

described by Skoog and West (1974) and discussed later in this report. 
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Results 

Geochemical Data 

As described in the Methods section of this report, pore water samples were taken 

at regular intervals from each of the cores during drilling resulting in the collection of 45 

unique pore water samples and 2 drilling water samples.  This data set includes variable 

ranges in specific conductivity (297 - 7799 µS/cm), TDS (148 - 3899 ppm), pH (7.89 - 

9.65), alkalinity (145.82 - 484.93 ppm), Na+ (3 - 1440 mg/l), and Cl- (1.9 - 1453 mg/l).  

While there is no consistent pattern for any of these parameters with respect to sample 

depth (Figures 6a and 6b, Figure 7), there appears to be an area of higher conductivity 

water near the surface of the sediment profile, and at depth (Figure 6a).  While the six 

boreholes were originally drilled to explore for lithium in the Dasht-e-Nawar basin, the 

range of Li+ concentrations in the pore waters (<50 ï 186 µg/l) was much too low to be 

considered as an exploitable resource (Stillings et al., 2015). 

In order to create a broader understanding of water chemistry in the Dasht-e-

Nawar basin, this study also employs geochemical data from the drilling water (01-DW) 

collected from a surface reservoir and sampled before drilling began, and lake pore water 

samples collected in 1969 by Förstner (1973), as well as shallow pit (PT17-PT20) and 

basin inflow water samples (IWS01-IWS08) data reported by SRK (2014).  The full suite 

of borehole pore water and drilling water geochemical data used to create the aqueous 

speciation models, Stiff diagrams, and Piper diagrams presented in this report can in 

found in Appendix V.  The locations of all the water samples used in this study are given 

in Figure 5.                
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Figure 6a.  Profiles of specific conductivity of pore waters show no exact correlation among boreholes, 

yet there are layers of higher conductivity at the top and bottom of the sediment profile.  Sample depth 

within the basin sediment was normalized to a common data elevation datum for all boreholes.  

Figure 6b.   A plot of pH vs. elevation shows that there is no distinct pattern in pH values with depth in 

Boreholes 1-6. 

 

a 
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Figure 7.  Stiff diagrams of all borehole pore water samples vs. elevation along Transect AðB (see 

Figure 5). The Key at the right of the figure includes a legend showing the location of each ion on the 

diagram, and a scale depicting concentration in meq/kg.  The Borehole number is shown in the box 

above each set of Stiff diagrams. 

   

Stiff Diagrams vs. Elevation (m) for all of the Borehole Pore Waters 
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Stiff Diagrams of Borehole Pore Water Samples 

A Stiff diagram displays the concentrations of ions in solution and, therefore, the 

shaded area of the figure is a visual indicator of salinity.  The wider the shaded area is at 

a given point, the higher the concentration of the represented ion.  The Stiff diagram Key 

in Figure 7 shows a scale at the top, which displays concentration in meq/kg.  A vertical 

line running through the diagram at the zero point on the scale separates the cations from 

the anions.  The left side of the diagram displays the measured concentrations of cations 

in meq/kg while the right side indicates the concentrations of anions.   The Stiff diagrams 

in Figure 7 represent the concentrations of cations (Ca2+, Mg2+, K+, Na+, and Na+ + K+) 

and anions (Cl-, HCO3
- + CO3

2-, and SO4
2-) of each pore water sample vs. depth in each 

borehole.  Because a wider shaded area represents higher concentrations of ions and, 

therefore, higher salinity, while a narrower shaded area indicates a less saline sample, it is 

not necessary to include a scale/legend on each sample.  

In Figure 7, it is evident that in Borehole 1 the pore waters are more saline near 

the surface and become fresher with depth, while in the other boreholes (2-6) there is 

more variation with respect to salinity with depth.  The pore water samples from 

Borehole 2 are relatively fresh from 9ï72 m before spiking in salinity at 81 m and then 

evolving toward fresher water with depth to 108 m.  The pore water samples from 

Boreholes 3 and 4 show no variability in salinity with waters remaining relatively fresh 

throughout.  In Borehole 5, the pore waters show elevated salinity at 18 m with the rest of 

the samples from the borehole are much fresher.  The pore water samples from Borehole 

6 show a similar pattern with elevated salinity from 18-27 m bracketed by fresher 

samples above and below those depths.  Figure 7 clearly shows that there is no obvious 
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correlation in ion concentration or composition across the boreholes for a given depth 

and, aside from the pattern in Borehole 1, there is no consistent evolution of chemistry 

with depth.  However, when data are plotted using a common datum, the specific 

conductivity (a proxy for salinity) shows layers of higher salinity near the top and bottom 

of the sediment profiles (Figure 6a).  This observation is repeated in Figure 7 which 

shows that Boreholes 1, 2, 5, and 6 have discrete layers of saline pore waters, as indicated 

by the wider Stiff diagrams at the depths discussed above. 

Figure 8.  Stiff diagrams of evaporated lake pore water samples taken by Förstner (1973).  The first 

sample includes a legend showing the location of each ion on the figures, and a scale depicting 

concentration in meq/kg. 






















































































































































