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  Records of precipitation variation in the Sn Kalahari? 

  Conclusions and future work  

 These USZ profiles provide a substantial insight into source and fate of nitrate 

in the Kalahari. 
 

 Zones of nitrate enrichment within dunes (particularly KAL11/1) that have high 

NO3
--N/Cl- ratios indicate an addition above evaporative enrichment of rainfall.  

 

 Isotopic analysis shows dunes with low nitrate concentration have isotopic 

signatures similar to rainfall inputs, whilst dunes with higher nitrate concentrations 

have signatures indicative of soil process &/or animal manure.  The pan-located 

dune has a distinct, and un-categorised signature.  
 

 There is a significant, if spatially patchy, pool of nitrate in the USZ, which 

infiltrates to groundwater. This makes it a difficult water quality issue to manage. 

Land-users should minimise additional inputs.   
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 This research tests the suitability of Kalahari dunes to 

produce hydrostratigraphies (records of past 

rainfall variability using chloride as a tracer)[1,2].  

 A small, uniform area (Fig. 1) was sampled in    

2011, 2013 & 2016 (March-April). Dune sediments 

(mod- sorted sands with some silt) makes this a 

sensible target for applying this method.  

 Dunes near a pan were also targeted,  with the 

hypothesis that they would be unsuitable (capillary 

zone influence & possible Cl--rich evaporites). 

  Introduction 

  
  The method 

 Cl- concn in pore moisture with depth in dune should record a climate-

dependent signature through time, a ‘hydrostratigraphy’, where:  

    low conc = wetter     ↑ conc = drier  

 The signature is established in the mixing zone near to the surface 

(before the moisture infiltrated to depth).  

 This approach assumes: (i) vertical infiltration of moisture beneath 

mixing zone, (ii) a long-term stable average Cl- input from meteoric 

sources (precipitation & dry deposition), (iii) no extra Cl- from non-

meteoric sources and (iv) no notable uptake of Cl- by vegetation.   

 Chloride mass balance approach to calculate moisture residence times 

(t) for hydrostratigraphies: 

𝑡 =   
𝜃𝑐𝑠 𝑑𝑧

𝑃 (𝐶𝑝)+ 𝐶𝑑

𝑧

0
      [Eq. 1] [3] 

 

where 𝜃 is volumetric water content, Cs is pore  moisture Cl-  concentration, Cp is Cl 

concentration in precipitation, Cd  is  Cl- in dry deposition and z is depth of sample.  

 Dunes hand-augured to recover vertical profiles.  

 Sediment texture: laser granulometry. Sediment composition: organics 

using LOI; mineral composition using XRD.   

 Volumetric moisture content, & Cl- using ion chromatography.  

 
 

 
 

 

 

 
 
  

 

 
 

 

 

 
  

 

Fig. 3.  
USZ profiles 
highlighting 
nitrate 
concentrations 
(as NO3

--N), 
NO3

--N/Cl- 
ratios, & stable 
isotopes.  
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  Conclusions and future work  

 This large dataset of chloride tracer profiles, alongside moisture and 

sediment profiles suggests this region is not a suitable place to 

apply the hydrostratigraphy technique at the temporal resolution 

of decades. 
 

 There is evidence for an input of chloride from a source additional to 

meteoric input within these dunes, associated with sediments within 

pans in the landscape.   
 

 It is also likely that the vegetated nature of the landscape 

contributes to a thick mixing zone within these dunes.  
 

 It is as important to report negative results as positive results. 

  
  Hydrostratigraphies?     

 Applying Eq. 1 & assuming a 3 m thick 

mixing zone produces inconsistent results  

between dunes (Fig. 4) and no good 

correspondence with instrumental rainfall 

records of the same time period (Fig. 5) 

[regional recorded rainfall also lacks 

spatial correspondence]. 
 

 Possible problems for this method: 
  

(1) addition of non-meteoric Cl-  

- Fluctuations in Cl- input through time, 

and across space, for example owing to 

dry deposition from pan evaporites. 

- Preliminary XRD data confirms there are 

Cl- mineral phases in KAL13/2 samples 

(supporting Cl- profile concns). 
     

 

(2) moisture pathway behaviour  

- The region is fairly heavily vegetated: 

although sampling strategy avoided tree 

and shrub roots, grass coverage could 

not always be avoided. 

- The rooting zone (& mixing zone) may 

extend beyond 3 m, and perhaps 

represent the full depth of these dunes.  

Fig. 2. Moisture content & Cl- composition near the pan 

 It is clear from Cl- concentrations alone that there  is 

an additional source of Cl- in the KAL13/2  (near 

pan) & perhaps also 13/1 & 13/3 (Fig. 2).  
 

 Other dunes exhibit minor variations in Cl-, with 

enrichment zones up to ~50 mg/L, but no 

overarching consistent patterns with depth (Fig. 3).  
 

 Moisture profiles are similar within years (2013 & 

2016) (Fig. 2,3). Elevated surface zones may 

represent depth of recent wet-season wetting front.  

 Nitrate pollution in groundwater is an environmental issue of considerable concern for human and animal 

health [e.g. 1,2]. It is a feature throughout dryland regions [e.g. 3,4], including southern Africa (Fig. 1) [4].  
 

 The unsaturated zone (USZ) is the pathway for contaminants such as nitrate to groundwater.  
 

 Here we investigate the USZ of the Stampriet Basin (SAB) in the southern Kalahari: (i) confirming that 

elevated concentrations of nitrate in the USZ are spatially heterogeneous [5] and (ii) using nitrate stable 

isotopes (δ15N paired with δ18O) to provide an insight into the origin of nitrate in this region.   

  
  Study site & methods 

SAB groundwater has patches of elevated nitrate (Fig. 1). 

1980s borehole measurements give a median of 35 mg/L 

(NO3-N) & in 2012 a max of 222 mg/L.  
 

6 USZ profiles have been collected using a hand auger, 

targeting: 8 vegetated dunes on a transect at Terra Rouge,  2 

vegetated dunes from further afield, 3 dunes associated with 

a pan & 1 animal kraal site within an interdune (Fig. 2).   
 

Pore moisture was extracted via elutriation and nitrate 

concentrations established using ion chromatography.  
 

Nitrate isotopic signatures of δ15N and δ18O were measured 

using ICP-MS, following extraction using ionic resins.  
 

Sedimentological analysis was undertaken using laser 

granulometry for particle size & LOI for organic content. 

13/1 13/2 13/3 

Fig. 1.  Location map of the SW Kalahari, and targeted transect.  

Fig. 3. Moisture content & Cl- composition within dunes along 
the transect west of the pan, using different shades of blue for 
sampling years (2011, 2013 and 2016).  
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11/1 13/5 13/4 

Fig. 4. Time-series plots of: 
(A,B) 1/Cl- (hydrostratigraphies) 

for the seven transect dunes   
(C) rainfall from 5 stations 
across the region (using 5 y 
moving averages)  

  Introduction  

  
  Nitrate concentrations  

 Rainwater: trace to 1.11 mg NO3
--N/L.  

 Dune profiles have: 

o zones of v low (2-8 mg/L) or slightly 

elevated (9-25 mg/L) nitrate. 

o enriched zones (~60 mg/L in KAL16/4, & 

even > 500 mg/L in KAL11/1) all with 

increased NO3
--N/Cl- ratios suggesting an 

addition of nitrate (over and above 

evaporative enrichment of rainfall). 

 Animal kraal interdune site (KAL16/6):  

o reach ~ 1000 mg/L, with an ↑ with depth 

o NO3
--N/Cl- ratios not greatly enriched      

(is there a source of Cl- here too?)  

  
  Nitrate isotopes  

NO3 in 
precipitation  

Fig. 1. Distribution of nitrate 
in groundwater in Sn Africa (from 
~50,000 boreholes) [6].  

Fig. 2. Map showing 
study site.  

Fig. 4.  NO3 stable isotopes for 
sediment pore moisture, 
alongside typical isotopic 
ranges for NO3 

[7].  
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 The most striking pattern is the isotopic ratio 

for the dune close to the pan (Fig. 4) [7].  

 The majority of dunes sites, KAL16/1, 16/2, 

16/4 & 16/5 (circles) all lie within signatures 

from precipitation & some within fertilizer 

signatures (Fig. 4) [7] (although no fertilizers 

are used at this site).  

 Dune site KAL11/1 (black diamonds) falls 

within the manure & soil N space, as does the 

animal kraal (filled squares) interdune site  

(Fig. 4) [7].   
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  Trends in profiles  
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