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Time-series of dryland rainfall over 100–1000 s of years are scarce but are needed

to underpin improved predictions under future climate change. Dryland sand

dunes are established Quaternary geomorphic archives, which also contain

pore moisture as part of the unsaturated zone (USZ), with chemical tracers that

provide a novel proxy for palaeomoisture. Chloride depth profiles, converted using

a mass balance approach to temporal records, are known as hydrostratigraphies.

Evaporative enrichment of meteoric chloride occurs in the near-surface zone and

the established signature gets transported vertically via infiltration. This study

explores the potential for this approach for southern Kalahari vegetated linear

dunes comparing twelve (10–12m deep) hydrostratigraphies across space and

sampled in different years (2011, 2013, and 2016). Three further profiles sampled

close to an interdune pan demonstrate that additional chloride is added locally to

the dune closest to the pan. The remaining hydrostratigraphies show variable

trends, with four broad groupings, leading us to suggest this region is unsuitable for

this approach. Insights into this variable behavior were sought from simulating

liquid and vapor flux using STEMMUS (Simultaneous Transfer of Energy, Mass and

Momentum in Unsaturated Soil). Simulations suggest the mixing zone can reach

10m thick, which helps account for the variation in hydrostratigraphies.

Heterogeneity may also arise from spatially-heterogenous receipt of convective

rainfall events and non-uniform vegetation cover. Furthermore, the vegetated

nature of the landscape leads to less uniform moisture movement within the

dune sands. We call for future applications to include site-specific insights into

moisture dynamics.
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1 Introduction

Continental desert rainfall records are rare. Instrumental

records lack wide spatial coverage and temporal completeness,

whilst historical documentary sources have uneven coverage.

This is particularly notable in the Kalahari of central southern

Africa, with just one rainfall station in Botswana containing data

for the nineteenth century (Nicholson, 2001a), and documentary

sources spatially concentrated in northern South Africa and

eastern Botswana (e.g. Nash and Enfield, 2008).

Understanding past precipitation patterns and how they relate

to climatic forcing (e.g., Nicholson and Kim, 1997; Nicholson,

2001b; Nash and Enfield, 2008) is vitally important when

assessing the future vulnerability of these regions under

climatic change. Reductions in rainfall totals and increases in

rainfall intensity are predicted as ‘very likely’ for many drylands

(IPCC, 2021), including southwest Africa (Niang et al., 2014).

Paleorecords are a key tool to improve confidence in rainfall

predictions used to evaluate climate model performance (Flato

et al., 2013), and as time-series data for machine learning

approaches to forecasting (see Barrera-Animas et al. (2022)

for a recent review). Improving rainfall reconstructions in

drylands requires the development of proxy records that offer

greater spatial coverage and more-complete temporal-sequences

over timescales of 100–1000 s of years.

Dryland sand dunes, and particularly linear dunes, have been

a focus of palaeoenvironmental reconstruction in drylands for

more than 50 years based on their geomorphology and sediment

accumulation history (see review by Telfer and Hesse, 2013 and

the INQUADunes Atlas chronological database (Lancaster et al.,

2016)), including in southern Africa (Stone, 2021). When

considered as part of the dryland hydrogeological system, they

are part of the unsaturated zone (USZ) where sediment pores are

only partly saturated, and act as a conduit for moisture to the

underlying groundwater table. Only a small proportion of rainfall

reaches (recharges) groundwater, owing to high

evapotranspirative losses. Below a recycling, or mixing, zone

(where pore moisture moves upwards as well as downwards), the

remaining moisture can infiltrate via a diffuse pathway via piston

flow. This has been demonstrated empirically in the field using

neutron probe measurements (e.g. Selaolo, 1998), using the depth

position of bomb-spike tritium (e.g. Allison and Hughes, 1974;

Dincer et al., 1974) and observations of wetting fronts in hand-

cut sediment exposures (e.g. Stone and Edmunds, 2016). A

detailed study of water percolation in Negev Desert, Israel,

vegetated linear dunes (VLDs) demonstrated sub-surface flow

occasionally occurs in addition to piston-flow, most commonly

on south-facing dune flanks (the more irregular downwind

surfaces with less-well developed surface crusts and vegetation

cover) (Yair et al., 1997). Increasingly sophisticated numerical

models for water flow have developed from the Philip and de

Vries. (1957) model that employed the Richards approximation.

For example, incorporating moisture and heat (e.g. Milly, 1982;

Parlange et al., 1982; Saito et al., 2006; Sakai et al., 2009),

incorporating gas-phase flow (e.g. McWhorter, 1990), two-

phase flow models for heat and mass (e.g. Alonso et al., 1990;

Zeng et al., 2011a, Zeng et al., 2011b; Yu et al., 2018; Yu et al.,

2020), and non-equilibrium two-phase heat and mass flow

(Niessner and Hassanizadeh, 2008, Niessner and

Hassanizadeh, 2009). Insights into dryland USZ moisture

behavior benefit greatly from simulations, such STEMMUS

(Simultaneous Transfer of Energy, Mass and Momentum in

Unsaturated Soil), designed for dryland sediments (Zeng and

Su, 2013).

Chloride (Cl−) is an inert tracer within the USZ, well

established as a tool for estimating rates of diffuse

groundwater recharge via a mass balance approach (CMB)

(Scanlon et al., 2006). It can also serve as a novel

palaeoclimatic proxy, or hydrostratigraphy, with ~40 applied

studies from North America, North Africa, China/Mongolia,

India, and Australia (see Stone and Edmunds, 2016).

Variations in Cl− concentration in successive packages of

water in the sand provide a record of changes to the extent of

evapotranspirative enrichment in the near surface (Edmunds and

Tyler, 2002; Stone and Edmunds, 2016). Hydrostratigraphies are

produced from vertical profiles of pore moisture Cl−

concentration, whereby: 1) Cl− enters the top of the sediment

profile (within precipitation and any dry deposition) and

becomes enriched as water is lost to evaporation and plant

uptake; 2) this results in an established Cl− signature in pore

moisture relating to evapotranspiration in the mixing zone; and

3) moisture infiltrates beyond this subsurface mixing zone,

carrying its established signature. Accordingly, variations with

depth record a climate-dependent signature that established

when that moisture was in the recycling zone. A more

detailed methodological treatment is given in Stone (2016)

and Stone and Edmunds (2016). The age, or residence time,

of moisture at any depth (z) is calculated using:

t � ∫z

0

θCs dz

P (Cp) + Cd

(1)

where: t is time, θ is volumetric moisture content, Cs is Cl−

concentration in sediment (pore moisture), P is long-term

average annual precipitation at the site, Cp is Cl−

concentration in rainfall and Cd is Cl− concentration from dry

deposition (Cook et al., 1992).

Depending on the rate of water movement (recharge)

through the USZ and the vertical sediment thickness, these

hydrostratigraphies have given a qualitative insight into past

hydroclimate at decadal to multi-decadal resolution (e.g. Gates

et al., 2008a; b; Ma et al., 2009; Chen et al., 2010) or shifts in

aridity at the timescale of the Last Interglacial through to the

Holocene (e.g. Tyler et al., 1996). The assumptions of successfully

applying the CMB hydrostratigraphy approach include that: 1)

dune pore moisture below the near-surface mixing zone is being

transferred vertically, approximating piston flow; 2) the input of

Frontiers in Earth Science frontiersin.org02

Stone et al. 10.3389/feart.2022.1034671

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1034671


Cl− from meteoric sources (precipitation and dry deposition) are

more-or-less consistent throughout the time period being

investigated, 3) there has been no addition of Cl− sources and

4) there is no notable uptake of Cl− by vegetation. Stone and

Edmunds (2016) discuss potentially problematic sites. Sediment

types to avoid include heavily layered soil profiles with varying

sedimentological properties (e.g. Yeh and Harvey, 1990), water-

repellent soils (e.g. Wessel, 1988) and coarse-grained sediments

(all screenable via laboratory analysis), which are likely to

prevent piston flow (e.g. Babel et al., 1995; Razanezhad et al.,

2006). Sloping surfaces should also be avoided because they

encourage lateral flow (e.g. Zaslavsky and Sinai, 1981;

Stephens, 1994; Yair et al., 1997). Areas with surface ponding

and occluded pockets of mineralized sediments should also be

avoided. The most suitable sites have a combination of sand-rich

sediments that are not too-well sorted and contain some silts,

there is no observed surface water ponding, and precipitation of

between 80 and 250 mm/y, which facilitates some groundwater

recharge (see the map within Stone and Edmunds, 2016). The

crests of VLDs in the southern Kalahari (Figure 1) have these

combinations of characteristics and were therefore anticipated to

be a suitable region for this approach, also lacking visible soil

crusts, unlike in Negev Desert VLDs (Kidron and Yair, 1997;

Yair, 2008) or as reported in the Botswanan Kalahari (Dougill

and Thomas, 2004). This paper presents a substantial dataset of

chloride tracer hydrostratigraphies for this region. Our aims are

to: 1) derive hydrostratigraphies for multiple profiles in the

southwest Kalahari VLDs, 2) compare hydrostratigraphies

across space taken in different field seasons (2011, 2013 and

2016) in order to assess their reproducibility, 3) explore whether

dunes close to a pan display unsuitable characteristics and 4)

compliment the field data with insights into mixing zone depth

and moisture flux behavior from a numerical computer

simulation model (STEMMUS) for USZ moisture flux.

2 Materials and methods

2.1 Site setting and research design

The southwest Kalahari VLD dunefield (~100,000 km2)

stretches from ~23°S in Namibia to ~28°S in South Africa,

and east into Botswana (Figure 1A). The thickness of Kalahari

sediments increases eastwards reaching ~150 m (Haddon and

McCarthy, 2005), with the northwest-southeast oriented VLDs

(Bullard et al., 1995) reaching ~20 m. Dunes are the landcover for

~80% of the Stampriet Basin (Stone, 2022), the multi-layer

aquifer in this region (Figure 1A, inset). Rainfall increases

from southwest (Koes ~180 mm/y) to northeast (Leonardville

~240 mm/y), falling from September to May (most in January-

March), with high inter-annual variability, e.g. the

2010–2011 rainy season had ~3 times annual average

precipitation, and the 24–25th February 1960 Uhlenhorst

cloudburst had >400 mm in 12 h (Schalk, 1961). Mean Cp

across 5 rain gauges (2011–2012) in the study region is

0.9 mg/L when weighted by rainfall event amount

(Supplementary Information S3), with similar monthly

averages in 2002 (0.3–1.2 mg/L) ~750 km southeast in

Bloemfontein (van Tonder and Bean, 2003). Variations across

space and time do occur, as shown by Beekman et al. (1996) in

Botswana 1987–1997, although expressed in mgm−2yr−1 for wet

and dry deposition. There is a perennial cover of trees (Vachellia

FIGURE 1
Study site, where (A) shows sample locations (with insets depicting the location in Southern Africa and the outline of the Namibian portion of the
Stampriet Basin), with (B) enlarging the area of the 8 km target transect and (C) showing a GoogleEarth oblique view of the pan and a photograph of
the pan taken from KAL13/1 looking west.
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erioloba coverage 1%–5%) and shrubs (e.g. Rhigozum

trichotomum <40% in interdune regions, 1–5% on dune

flanks) and an ephemeral cover of grasses (Stipagrostis

amabilis, Schmidtia kalahariensis, Aristida congesta) during

the wet season (Supplementary Information S1 gives details

for each sampled site). This was anticipated to be a suitable

region for this approach, based on: 1) existing sedimentological

data showing these are moderately-well-sorted medium sands

(mean grain size 260–290 μm) (Stone and Thomas, 2008; Stone

and Edmunds, 2012, Stone and Edmunds, 2014), 2) mean annual

rainfall fitting within the identified 80–250 mm/y threshold of

Stone and Edmunds (2016), 3) dune crests not being densely

vegetated, despite this being a region of VLDs and 4)

observations of a homogenous wetting front following rainfall

in the field by the author (Supplementary Information S4).

Our study focusses on an 8 km transect on Terra Rouge farm

(Figure 1B), with 9–16 m dunes spaced 200–500 m apart.

Sampling was undertaken across the three field seasons (2011,

2013, and 2016) to assess reproducibility of obtained

hydrostratigraphies. From west to east these are KAL13/5,

KAL11/1, and KAL13/4 (resampled with two profiles: KAL16/

1 and KAL16/7), and KAL16/2, KAL16/3, KAL16/4, and KAL16/

5 (Figure 1B). These are placed into the wider regional context of

a southwest-northwest precipitation gradient. KAL11/2 (south)

with ~181 mm/y (like the main transect) and KAL11/3, and

duplicate profile 11/4, (200 km northwest of KAL11/2)

experiencing ~190 mm/y (Figure 1A). In addition, we sampled

three dunes associated with a ~0.15 km2 pan (KAL13/3, 13/2 and

13/1) (Figures 1B,C) with the hypothesis that these sites would

not be suitable for producing hydrostratigraphies. Kalahari

interdune pans may provide a non-meteoritic source of Cl−,

e.g., halite (NaCl) and sylvite (KCl) have been documented at

Witpan, Northern Cape, South Africa (Telfer et al., 2009) and

central eastern Namibia pans (Mees, 1999; Milewski et al., 2017).

2.2 Field and laboratory methods

Dune sediment profiles were hand augered, with samples

sediments collected in an aluminum compression head,

transferred either to sections of drainpipe with moisture-tight

lids or ziplock bags for transit to the laboratory. Particle size

distribution was measured using laser granulometry, with

statistics calculated using GRADISTAT (Blott and Pye, 2001),

applying the methodology of Folk and Ward (1957). Sediment

moisture contents were established using representative

subsamples of each sample using a gravimetric method, oven

drying at 110°C for 48 h (Black, 1965), and reported as percentage

of dry sample weight.

Sediment pore moisture was extracted via a commonly

applied elutriation technique, using 30 g of sediment to 12 ml

of ultrapure deionized water (recorded precisely using a mass

balance to facilitate a dilution correction), left in a shaker tray for

~2 h, centrifuged to separate out the supernatant from the

sediment and filtered at 0.2 µm (sometimes requiring

sequential filtration from 0.8 µm to remove orange-red

precipitates). Analysis of chloride was undertaken using ion

chromatography (IC). 2011 and 2013 samples were measured

using a Dionex IC at SoGe, University of Oxford and

2016 samples using a metrohm IC in the Department of

Geography, University of Manchester, both calibrated using

standard concentrations that capture the range of the

supernatants, a limit of detection of 0.1 mg/L, and 5–10%

analytical precision based on repeat measurements of

standards and samples. For the hydrostratigraphies 181 mm/y

for P (190 mm/y for the site further north) and 0.9 mg/L for Cp

were used in Eq. (1).

2.3 Moisture transport modelling

We model moisture physics transport using the STEMMUS

Programme (Zeng et al., 2011a; Zeng et al., 2011b) simulation of

liquid water and vapor flux, along with dry air and heat transfer, in

unsaturated sediments. It was developed specifically to describe the

vapor-dominant soil water and heat transport processes in dryland

areas (Zeng and Su., 2013). The sediment is modelled as sandy soil

(based on particle size data), with homogeneous texture and one

set of soil hydraulic parameters (soil profile: 0–50 m). The model

inputs were: 1) meteorological forcing data, including air

temperature, wind speed, relative humidity, air pressure,

radiation, precipitation (using ECMWF Re-Analysis data) from

1979 to 2019, 2) surface soil temperature and 3) soil hydraulic

parameters (saturated hydraulic conductivity of 7.87*10–4 cm s−1,

saturated water content of 0.432 cm3 cm−3, residual water content

of 0.045 cm3 cm−3, Van Genuchten parameter n of 1.9 and alpha of

0.045). The long-term time series of (1) and (2) are from the ERA

analysis data (1979–2019, 14,700 days in total).

3 Results

3.1 Dune unsaturated zone profiles

Figure 2 depicts moisture content and Cs alongside sediment

texture. Dune sediments are predominantly moderately well-

sorted medium sand (mean grain size for all samples is 278 µm),

becoming finer and less well-sorted with depth with a more-

marked trend in the dunes associated with the pan

(Supplementary Information S2). The silt content (25–38%)

below 8 m in KAL13/2 could result from incorporation of

water-lain fines into this dune. Sediment texture supports the

CMB hydrostratigraphy assumption that moisture will move

roughly homogenously, and no preferential flow structures

were observed in the wetting front appearance following

rainfall in these dunes (Supplementary Information S4).
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Five moisture profiles from 2013 (13/5, 13/4, 13/3, 13/2, and

13/1) (Figures 2A,C,K,L,M) and one from 2011 (11/1)

(Figure 2B) have a similar trend, with a peak in moisture

~2 m, with a thicker elevated zone in 13/2 (1.5–3 m)

(Figure 2L). These derive from a wetting event from rainfall

prior to, or during, 2013. These moisture peaks (4.6% in 13/4 and

13/1 and 4.3% in 13/5) are not observed to have moved to a

greater depth 3 years later in the 2016 profiles, which we would

expect from vertical infiltration of packages of water. Moisture

contents <3.3% below 2 m in all 2016 profiles suggests further

evaporation, or diffusion, of 2013 moisture peaks, making it

likely the recycling zone extends below 2 m, with evaporative

losses of moisture that has not infiltrated below the recycling

zone (e.g. Zeng et al., 2009a; Zeng et al., 2009b). There are near-

FIGURE 2
Unsaturated zone profiles ofmoisture content, chloride and particle size distribution. Top, for the 9 profiles along themain 8 km transect (A–H)
organized fromwest to east (A) KAL13/5, (B) KAL11/1, (C) KAL13/4, (D) paired cores KAL16/1 & 16/7, (E) KAL16/2, (F) KAL16/3, (G) KAL16/4, (H) KAL16/5.
Middle for the sites along the north-south 200 km transect (I, J), organized from north to south (I) paired cores KAL11/3 & 11/4, (J) KAL11/2. Bottom
for the dunes near the pan (K–M) organized from west to east (K) KAL13/3, (L) KAL13/2, (M) KAL13/1.
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surface moisture peaks in four of 2016 profiles (16/1 & 16/7

(paired cores), 16/4 and 16/5), but at shallower depths than in

2013 (0.6 m, 0.9 m, 0.9 m and 1.2 m respectively) (Figures

2D,G,H), originating from wetting events between 2013 and

2016. Paired cores KAL11/3 & 11/4 (~165 km northwest of

the main transect) (Figure 1) do not match the 2011 trend,

increasing steadily with depth to ~6 m (Figure 2I), perhaps

driven by variable rainfall in a local convective rainfall regime

in this semi-arid area (e.g. Taylor et al., 2012). The lack of

moisture peaks in 16/2 and 16/3 (Figures 2E,F) are harder to

account for by convective rainfall given their proximity to the

other 2016 profiles, and have no notable difference in vegetation

type or cover (Supplementary Information S1).

Mean Cs in the nine profiles along the main 8 km transect

range from 12 to 31 mg/L (minimums 3–15 mg/L and maximums

24–73 mg/L) (Figures 2A–H, Supplementary Information S1, S2).

All Cs is enriched compared to rainfall (Cp = 0.9 mg/L) but much

lower than concentrations measured in groundwater at Terra

Rouge in 2016 (232–643 mg/L) (Supplementary Information

S5.1). Cs is more enriched in KAL11/3 and 11/4 (~100 mg/L at

the top of KAL11/3 and >100–241 mg/L at the base of KAL11/3)

(Figure 2I). Much higher Cs (1,600–4,800 mg/L), in the profile

closest to the pan (KAL13/2, which has a finer mean grain size of

187 μm and below 6.5 m 122 μm with 20–38% silt) (Figure 2L;

Supplementary Information S2) suggests a sedimentary source of

Cl− or remnants from times of stronger evaporatively enriched

during discharge-phases in the pan. This would have been a regime

different to 2013 when the pan water had low Cl− concentrations

(16, 17, and 23 mg/L) (Supplementary Information S6). Therefore,

as predicted, dunes close to these pans in the Kalahari are not

suitable for the CMB hydrostratigraphy approach.

3.2 Hydrostratigraphies

Figure 3 plots 5-year moving averages of 1/Cl− against

moisture residence time (using Eq. (1)) for the nine profiles

along the 8 km target transect (Figure 3A) and for the three

dunes along the longer north-south transect (Figure 3B).

Differences in Cs depth profiles between dunes (Figure 2)

manifest into conflicting “apparent” hydrostratigraphies

(Figure 3). There are four groups of trends: 1) increasing

moisture availability through time (KAL11/2, 13/5, and 13/

4 with its resampled 16/7), 2) an overall drying trend (KAL11/1,

16/2 and 16/4), 3) peaks and troughs, with different timings

(paired cores KAL11/3 and 11/4 in the northwest show a

moisture availability peak in the late 1990s, whilst KAL16/

3 and 16/4 on the target transect show a peak ~2010) and 4) one

profile with no discernable change through time (KAL16/1,

which should pair with 16/7). Group 1 is closest to tracking

annual rainfall trends (Figure 3C). Data for individual rainfall

events at more-detailed spatial resolution may provide further

insights here.

3.3 STEMMUS simulations

STEMMUS provides 5-yearly (Figures 4A–H) and 1-yearly

(Supplementary Information S7) average moisture flux profiles,

depicting total (solid line), liquid (dashed line) and vapor (dotted

line) for 1979 to 2018. Vapor flux is consistently downwards,

whilst liquid flux is upward closest to the surface, with a trend to

downward flux at depth. The depth of this inflection/change

varies through time. The shallowest of the shifts to downward

flux occurs at about 2 m (1979–1983) (Figure 4A), whilst through

until 1998, this occurs ~10 m (Figures 4B–D), demonstrating an

8 m variation in mixing zone depth.

Between 1999 and 2003 there is downward total (and liquid)

flux between 0.03 and 6 m (Figure 4E), whilst total flux is

downward for the whole profile in 2004–2008. Supplementary

Information S7 shows this is driven by years 2004–2006, with a

marked change to upward flux ~2 m in 2007, and that other

wetter years with downward flux were 1998 and 2000–2006.

Simulated soil matric potential (Figure 4I) depicts instantaneous

matric potential profiles at the end of different years of the

simulation. At t=10 years (1989) there was some infiltration, and

that the shift in a peak from 2 m at that time to 5 m at t=30 years

(2009) suggests a slow migration of infiltrating moisture

(depicted with a black arrow in Figure 4I).

4 Discussion

4.1 USZ chloride and groundwater
recharge

The majority of USZ Cs is very low (mostly <50 mg/L)

compared to Terra Rouge groundwater (mean 398 mg/L), and

the GROWAS database (24.2oS to 25.7oS, 19.5oE to 20.0oE) (mean

478 mg/L) (Supplementary Information S5). This contrasts with

Kalahari sands further east in Letlhakeng-Botlhapatlou,

Botswana, where mean Cs (20–430 mg/L) is similar to

groundwater Cl (25–125 mg/L) (Selaolo, 1998). In our study

region, most groundwater is extracted from the Auob unit

(5,000 to 10,000 years old (JICA Study team, 2002)), the

middle of the three aquifer units beneath the unconfined

Kalahari unit. We infer that any recharge through the dunes

in recent decades only reaches the Kalahari unit, with limited

hydrogeological connectivity with the underlying Auob unit,

which contains a more evaporated moisture source.

4.2 Attempted hydrostratigraphies

It is worth highlighting that variability in hydrostratigraphies

within a study region is not unusual. For example, of

13 hydrostratigraphies from the Badan Jarain Desert, Inner

Mongolia, seven show increasing moisture availability from
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1900 to 2000, whilst four show fluctuating or decreasing trends

(see Figure 9 within Gates et al. (2008b)). However, given our

divergent four groupings it is prudent to suggest this approach

faces challenges in the Kalahari, relating either to the behavior of

moisture, or to the input of Cl− within these dune sediments.

The STEMMUS moisture simulation for 1979–2017,

illustrates a potential reason. The depth of the mixing zone

exceeds the 3 m assumed for the hydrostratigraphies,

frequently reaching 10 m (Figure 4), with temporal

fluctuations in both liquid and vapor flux occurring on multi-

year, and even year-to-year (Supplementary Information S7).

This contrasts with a 4 m deep zone, revealed by neutron probe

data, for Kalahari sands at Letlhakeng-Botlhapatlou, Botswana

(Selaolo, 1998). If the mixing zone is 10 m deep, it is nearly the

entire depth of VLDs above the Stampriet Basin. In addition,

small-scale heterogeneities, such as changes in slope (Yair et al.,

1997), are likely to introduce heterogeneity in Cs profiles even

though we targeted the crests of linear dunes at locations with the

lowest levels of vegetation (Supplementary Information S1) and

without surface crusts. The vegetated nature of the landscape

FIGURE 3
(A,B) Time-series plots of 1/Cl−, known as hydrostratigraphies, grouped into (A) the nine sites along the main 8 km transect and (B) the sites
along the wider southeast-northwest precipitation gradient. These assume the top 3 m of each profile represents the recycling zone (based on
depths of observed subsurfacemoisture elevation in Figure 2). (C) shows annual rainfall amounts and 5-yearmoving averages for Terra Rouge (Pieter
Möller’s personal record), Koës and Stampriet (available until 1994 and 2002 respectively from the Namibian Meteorological Survey) and
ECMWF Re-Analysis (ERA) data.
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adds further heterogeneity by influencing water behavior in the

mixing zone, and in the Negev VLDs higher salt concentrations are

observed beneath perennial shrubs (Felix-Henningsen et al., 2008).

A study of the influence of woody vegetation on recharge processes

by Uugulu (2022) demonstrates that our understanding of active

rooting depth and its influence on USZ water balance is still very

limited. Our study area is vegetated to a greater extent than any of

the existing successful applications of the hydrostratigraphy

approach reviewed by Stone and Edmunds (2016). The

STEMMUS simulation used here did not incorporate

vegetation, and future simulations should model different levels

of vegetation cover. Furthermore, changes to vegetation through

time are expected in relation to precipitation inputs, as Siegal et al.

(2013) found in Negev VLDs.

A non-meteoric Cl− input is indicated in KAL13/2

(Cs >1,000 mg/L), perhaps a precipitated salt during former

phases of high-evaporation in the pan, noting this is higher

than groundwater Cl− in this region (Supplementary

Information S5). Nothing diagnostic was revealed by

preliminary XRD, or XRF analysis of KAL13/2 samples

compared to other dune sands (Supplementary Information

S8). This sediment is finer (mean 122 μm below 6.5 m depth,

with more silt), and differences in VLD sediment texture can

be accompanied by different geochemistries, relating to

sediment source (e.g. in the Negev (Muhs et al., 2013)). Cd

has been shown to be a problem elsewhere in Namibia, with a

22–83% contribution in September 2002 and 2003 in rain

gauges (19–22oS) (Wanke, 2005), and further east in

FIGURE 4
(A–H) Simulation soil moisture flux between 1979 and 2018 in 5-year averaged time-slices, where the solid line (black in online version) is total
flux, the dashed line (red in online version) is liquid flux, and the dotted line (blue in online version) is vapor flux. Axis labels are the same for all plots.
Negative values indicate downward fluxes. (I) Shows profiles of simulated matric potential for different years of the simulation. The arrow depicts a
shift in a matric potential peak from 2 m at 10 years (1989) to 5 m in 30 years (2009), equivalent to seeing a moisture content peak (like in
Figure 2) migrate downwards by that depth.
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Letlhakeng-Botlhapatlou, Botswana (14–59%, mean 41%,

from 1983 to 1993) (Selaolo, 1998).

5 Conclusion

This study attempted to apply chloride tracer approaches

within dune pore moisture to produce unsaturated zone

hydrostratigraphies in the southern Kalahari, motivated by a

need for better rainfall reconstructions in this region. Linear dune

crest sites with sedimentary characteristics that meet the

assumptions of the approach were sampled in 2011, 2013, and

2016 to assess the reproducibility of produced

hydrostratigraphies. In addition, we were able to demonstrate

that dunes neighboring an interdune pan, with finer grained

sediments, were not suitable for this approach, because they

contain a much higher chloride concentration, which is unlike

the evaporative signature of modern-rainfall-derived chloride

seen elsewhere in the landscape. Away from the pan, the lack

of consistency between 12 hydrostratigraphy profiles suggests

that this approach faces challenges in this setting. It is as

important to present “negative”, or contradictory, results in

the application of a technique, as it is to present “positive”

findings. We simulated liquid and vapor transport using

STEMMUS to explore reasons for this. Simulations

demonstrate that: 1) packages of moisture can infiltrate with

depth, but only during short discrete time-slices, and that 2) over

multi-decadal timescales, a moisture-mixing zone that gets as

deep as 10 m is simulated (on multi-year and year-to-year

timescales) and this represents most of the 10–12 m dune

depths sampled, therefore, mixing chloride signatures. Further

reasons for inconsistencies may include spatial heterogeneity in

rainfall receipt and the vegetated nature of the southern Kalahari

where grass cover varies markedly across the seasonal cycle.

Learning from this study, and studies in the Negev, Israel, we call

for an improved understanding of moisture dynamics in dunes,

related to geomorphology, sediment texture and vegetation cover

prior to the application of chloride tracer hydrostratigraphy

approaches.
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