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Abstract Unstable density-driven flow can lead to enhanced solute transport in groundwater. Only

recently has the complex fingering pattern associated with free convection been documented in field

settings. Electrical resistivity (ER) tomography has been used to capture a snapshot of convective

instabilities at a single point in time, but a thorough transient analysis is still lacking in the literature. We

present the results of a 2 year experimental study at a shallow aquifer in the United Arab Emirates that was

designed to specifically explore the transient nature of free convection. ER tomography data documented

the presence of convective fingers following a significant rainfall event. We demonstrate that the complex

fingering pattern had completely disappeared a year after the rainfall event. The observation is supported

by an analysis of the aquifer halite budget and hydrodynamic modeling of the transient character of the

fingering instabilities. Modeling results show that the transient dynamics of the gravitational instabilities

(their initial development, infiltration into the underlying lower-density groundwater, and subsequent

decay) are in agreement with the timing observed in the time-lapse ER measurements. All experimental

observations and modeling results are consistent with the hypothesis that a dense brine that infiltrated

into the aquifer from a surficial source was the cause of free convection at this site, and that the finite

nature of the dense brine source and dispersive mixing led to the decay of instabilities with time. This

study highlights the importance of the transience of free convection phenomena and suggests that these

processes are more rapid than was previously understood.

1. Introduction

Free convection, fluid motion driven by density differences, is an important mechanism for transport and

mixing of heat and solutes in the subsurface. The relevance of this process has long been recognized and

studied by the hydrology community. Most research in this area has focused on deep subsurface and geo-

thermal phenomena [e.g., Garven et al., 1999; Yang et al., 2004; Coumou et al., 2008]. Numerous issues of

environmental and societal relevance are exacerbated by mixing due to density-driven flow including con-

taminant plumes with higher densities than the background fluid [e.g., Schincariol and Schwartz, 1990;

Koch and Zhang, 1992; Zhang and Schwartz, 1995; Liu and Dane, 1996; Fan et al., 1997; Nield et al., 2008].

Density-driven flow in groundwater has also been studied in the context of nuclear waste disposal [Yang
and Edwards, 2000], hydrothermal springs [Cardenas et al., 2012], greenhouse gas sequestration in deep for-

mations [Riaz et al., 2006; Hidalgo and Carrera, 2009], sea level rise, and the impacts of saline intrusion on

drinking water resources [Kooi et al., 2000; Hodgkinson et al., 2007]. Extensive reviews on the topic are given

by Simmons et al. [2001], Diersch and Kolditz [2002], and Nield and Bejan [2006].

The basic theory behind unstable convective motion in porous media is well understood, especially for

homogeneous, isotropic systems. In these settings, instabilities may develop when significant contrasts in

fluid density exist due to differences in solute concentrations or temperatures. When the critical condition

for the onset of free convection is exceeded, initial small-scale instabilities develop and then coalesce into

larger fingers. Despite the importance of free convection in a wide range of fields within and outside the

hydrologic sciences, important questions regarding this process in natural systems remain unanswered

[Simmons, 2005]. These questions include the unknown scalability of experimental results, the relative

importance of various simplifications that are made to model systems with unstable fingering, and the
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difficulty of relying on typical field observations of ‘‘equivalent freshwater head’’ to infer the existence of

free convection. Even in nearly homogeneous and isotropic media, numerical simulation is complicated by

the multidimensionality and temporal scales of the different processes, the initial and boundary conditions,

the choice of spatial discretization, and uncertainty about hydrodynamic variables (e.g., the effect of the

lateral diffusion and dispersion rate on the downward convective flow). In addition, spatial and temporal

measurements of solute and temperature variations, which both influence density, are generally sparse.

Although there are thousands of published studies on free convection, almost all of these focus on either

theory or modeling. Very few papers discuss experimental studies and even fewer have field measure-

ments. Most published field studies only present single snapshots, and thus, transient changes in these sys-

tems have not been quantified. The rate of natural free convection in field settings is critical to reconcile

measurements with theory and to improve numerical models that represent this process. Quantification of

free convection in natural settings has remained elusive because it is difficult to directly document this pro-

cess in the field. However, noninvasive electrical resistivity (ER) geophysical methods have the potential to

exploit the relation between solute concentrations and electrical conductance of a fluid, thereby estimat-

ing fluid salinity differences in time and space. Indeed, ER has been used to document snapshots of com-

plex fingering in field settings [Bauer et al., 2006; Zimmermann et al., 2006; Van Dam et al., 2009].

Wood et al. [2002] suggested that density-driven convective flow was taking place in a sabkha (‘‘salt flat’’ in

Arabic) in the United Arab Emirates (UAE) based on measured density inversions and a distribution of ele-

ments (in particular tritium) consistent with vertical convective mixing. This could be explained by either

episodic dissolution and infiltration of the halite crust or slow upwelling of lower-density water from lower

formations. The UAE sabkha is an ideal natural laboratory for the study of free convection in a field setting

because the sands are nearly homogeneous, meaning that measured ER differences will be almost entirely

due to variations in solute concentration. Van Dam et al. [2009] used ER imaging to map the subsurface

resistivity distribution in 2-D but did not include any numerical modeling or time-lapse measurements to

assess temporal evolution of the fingers. Studies that combine field characterization of the transient pro-

cess of fingering with numerical modeling are essential to reconcile theory and modeling efforts with an

understanding of this process in the field.

Although ER has been previously used in a time-lapse study at a site with free convection [Stevens et al.,
2009], the 3-D resistivity models in that paper did not display clear fingers. Also, there was no specific

attempt to quantify the fingering speeds. In this paper, we present the results of a 2-year study at the UAE

field site of Van Dam et al. [2009], to characterize the persistence and transient nature of the convective fin-

gering previously observed at the site; we also examine two conceptual models associated with free con-

vection at this site. For this purpose, we analyzed ER data sets collected in 2008 and 2009 and conducted

hydrodynamic modeling of the system. The time-lapse ER data allowed us to assess the persistence of com-

plex fingering patterns observed in 2008, whereas the flow and transport simulations allowed us to study

transient convective processes with more detail in space and time. The combination of both methods

enabled an improved quantitative description of transient free convection.

2. Field Site Characterization

The study site is a sabkha located about 50 km southwest of the city of Abu Dhabi along the coast of the

Arabian (Persian) Gulf in the United Arab Emirates, just landward of a series of parallel superficial beach

ridges that indicate ongoing uplift in the region [Wood et al., 2012] (Figure 1). A sabkha is a surface where

evaporating groundwater results in precipitation of highly soluble halite, sylvite, and other minerals on the

surface. Authigenic minerals including gypsum, anhydrite, calcite, and dolomite also form in the capillary

zone. The sabkha topography is flat, with a gradient of �1 m per 6 km toward the coast [Wood et al., 2012].

The study site consists of �10 m of homogeneous sand from reworked aeolian dunes deposited during

Holocene sea level rise, with minor tidal clays near the surface [Eustice, 2011]. These sands of the Abu Dhabi

Formation are underlain by the Gachsaran Formation, a Miocene carbonate.

The lateral water flux through the sabkha is calculated using Darcy’s law. Using a single-ring falling-head

permeameter, we measured the hydraulic conductivity of the sabkha sand to be around 6.6 m/d, which is

within an order of magnitude of the 1 m/d obtained from pumping tests on similar sediment [Sanford and
Wood, 2001]. Using the regional hydraulic gradient of 0.0002 [Sanford and Wood, 2001], and assuming the
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sediment is isotropic, the lateral flux is estimated to be 0.5 m/yr. Dividing this by the porosity (0.38) of the

aquifer, the lateral seepage velocity is approximately 1.3 m/yr.

The UAE is a hot arid subtropical desert with mean minimum and maximum annual temperatures of 21.7

and 33�C, respectively. A long-term record (1983–2010) from a World Meteorological Organization, Geneva

(WMO) weather station near the study site indicates an average annual rainfall of �32 mm/yr, mostly from

November to April. The mean annual rainfall has a large standard deviation since it is common to see multi-

ple years with little rain (Figure 2). The pan evaporation rate of fresh water in the area is �3500 mm/yr [Bot-
tomley, 1996]. However, evaporation rates from the surface of the sabkha have been found to be less than

Figure 1. Location of the geophysical research site in relation to well and sample locations and the weather station (modified from Van
Dam et al. [2009]). The inset shows location of the study area in the United Arab Emirates.

Water Resources Research 10.1002/2013WR013673

VAN DAM ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 956



3% of pan evaporation due to the

reduced surface evaporation area associ-

ated with sediments, sealing of the sur-

face with evaporates, and the high salt

concentrations of water in the sabkha

[Sanford and Wood, 2001]. Transpiration

does not occur since there is no vegeta-

tion on the sabkha.

2.1. Fluid Chemistry and Solute Mass
Balance
The chemistry of the water in the study

area was characterized using a series of

wells in the sabkha aquifer and underly-

ing Gachsaran Formation [Wood et al.,
2002; Wood, 2011]. Based on samples in

a 10 km radius around the field site

(Figure 1), the water in the sabkha (Abu

Dhabi Formation) aquifer was found to have an average solute concentration (total dissolved solids (TDS))

of 275.8 kg/m3, and water in the underlying Gachsaran Formation had an average TDS of 101.5 kg/m3 [Van
Dam et al., 2009]. These concentrations correspond to fluid densities of 1180 and 1075 kg/m3, respectively

(at 20�C). Samples of ponded surface water in the study area after a rain event ranged in density from 1213

to 1371 kg/m3 [Wood et al., 2002], with an average density of 1280 kg/m3 within 10 km of our study site

[Van Dam et al., 2009]. The high concentration and density of the surface water are due to dissolution of

the sodium, calcium, magnesium, chloride, and nitrate evaporite crust [Wood et al., 2002].

Water and solute budgets for the sabkha by Wood et al. [2002] document that the vast majority of the sol-

utes in the sabkha aquifer have likely come from ascending geologic brines from the underlying formation.

The bulk of the water flux in and out is from local rainfall and evaporation. Due to the low hydraulic gradi-

ent, the solutes have a residence time in the aquifer of �6000 years, whereas water in the aquifer has a res-

idence time of only �50 years [Wood et al., 2002]. Chemical analyses of sabkha aquifer samples at the field

site and in the broader region show that sodium and chloride are the dominant ions in solution [Wood
et al., 2002; Eustice, 2011], making halite the most common salt to precipitate at the surface.

Next, we assessed the quantity of salts that will under average conditions, precipitate at or near the surface.

Sodium, the limiting ion in halite precipitation, has a concentration of 92.8 kg/m3. Considering a 1 m2 area

and a potential evaporative flux of 50–88 mm/yr, which represent conservative and high estimates, respec-

tively [Sanford and Wood, 2001], the amount of sodium precipitated would be 50 L 3 92.8 kg/m3 5 4.64 kg

Na (8.17 kg Na using 88 L of water). The equivalent mass of Cl that would be precipitated ranges between

7.16 and 12.6 kg for the same range of evaporative flux. Dividing the sum of Na and Cl mass by the density

of NaCl (2160 kg/m3) leads to a deposition rate of 5.5 3 1023 to 9.6 3 1023 m3 of halite per year over the 1

m2 area. This is equivalent to a deposition rate of 5.5–9.6 mm/yr. We used the Pitzer equation in PHREEQC

to estimate that 32–57 mm/yr of precipitation is necessary to dissolve the halite at the same rate as it is

being deposited, given the estimated deposition rates, the solubility of halite, and the average shallow

water temperature of 30�C. Based on the average rainfall of 32 mm/yr (Figure 2) there should be a surplus

of dissolvable halite in the system of up to 4.5 mm/yr at the highest evaporative flux. Considering the

period of below-average rainfall prior to 2008, this surplus is a conservative estimate.

3. Conceptual Models

To initiate fluid instability in a groundwater system, the density contrast must increase at rates that out-

pace rates at which diffusion and advection reduce the concentration gradients. In the UAE sabkha aquifer,

two conceptual models may reasonably explain the formation of a density inversion that drives convection

in this system:

1. Rainfall-induced dissolution of the halite-dominated crust and subsequent infiltration lead to accumula-

tion of the dense brine at the top of the water table. In this model, the density contrast builds up rapidly.

Figure 2. Annual rainfall based on hydrological year (1 October to 30 Septem-

ber) from 1983 to 2012 from WMO Weather Station 41217 near Abu Dhabi.

More detailed information about rain events and sampling periods is shown in

Figure 3.
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2. Slow upwelling of low-density water

from the Miocene formation below the

aquifer is another mechanism to create a

density inversion, but at the base of the

aquifer.

Evapoconcentration is also often given as

a possible mechanism for unstable fin-

gering to develop in these systems [e.g.,

Nield et al., 2008]. However, recent work

suggests that evaporation may lead to

some water vapor to diffuse downward,

causing dilution [Gran et al., 2011].

Owing to the large rainfall event immedi-

ately preceding the 2008 data collection

(Figure 3), which was larger than the

average annual rainfall, Van Dam et al.
[2009] postulated that this rainfall event was the most likely cause for the observed fingering. In this paper

we make the first conceptual model of our hypothesis and then test this using new time-lapse geophysical

measurements along with new flow and transport simulations of the system. The alternative conceptual

model of upwelling low-density water was also modeled, as described in section 6.

4. Geophysical Measurements

4.1. Background
The ER imaging method uses numerous electrode combinations along an array to generate tomographic

images of apparent resistivity in the subsurface [Dahlin and Zhou, 2004; Jayawickreme et al., 2010]. ER imag-

ing has successfully been used to characterize the distribution of saline and fresh waters in coastal [Kruse
et al., 1998; Nowroozi et al., 1999; Tronicke et al., 1999; Slater and Sandberg, 2000] and inland settings

[Acworth, 1999; Acworth and Dasey, 2003; Ong et al., 2010], subsurface heterogeneity and anisotropy [e.g.,

Samou€elian et al., 2003; Greve et al., 2010], and saline fluid migration [e.g., Ward et al., 2010]. The depth of

investigation, resolution, and sensitivity of different array types is related to electrode separation and con-

figuration [e.g., Szalai and Szarka, 2008]. Petrophysical transform functions, which can be developed in the

laboratory, are necessary to interpret the resistivity data in terms of the hydrological properties of interest.

Analysis of ER data requires inversion of apparent resistivities, which is typically achieved through an itera-

tive process [e.g., Pelton et al., 1978; Loke and Barker, 1996]. Smoothness constraints are commonly used to

choose between multiple models that fit the data and ensure that the resulting model explains the

observed values to an acceptable level, while avoiding large spikes in the modeled resistivity values. Poten-

tial drawbacks of this procedure included the fact that errors in the data and uncertainties about resolution

and uniqueness of the inverted field directly translate to the hydrologic analysis [Ramirez et al., 2005; Hin-
nell et al., 2010] and related challenges to completely recover the solute mass from resistivity data [e.g., Sin-
gha et al., 2008; Pollock and Cirpka, 2010]. Nevertheless, many examples show excellent correlations

between measured resistivity distributions and subsurface fluid properties [e.g., Amidu and Dunbar, 2008;

Hermans et al., 2012].

4.2. Implementation
In this study, three 2-D surface arrays with 84 electrodes each were used. Two of these arrays (A and B) had

1 m electrode spacing and were laid out in perpendicular directions (Figure 4). A third array (C), parallel to

array B, had 0.5 m electrode spacing. To eliminate errors due to positioning differences in subsequent data

collection periods, the three transects used permanently installed graphite electrodes. During field cam-

paigns, the electrodes of 0.15 m length and 0.01 m diameter were connected to a switchbox (multiplexer)

and eight-channel resistivity meter from Advanced Geosciences Inc. (AGI) using a lightweight multicore

cable constructed from Cat5e wire (Figure 4).

The electrical resistivity data were collected using dipole-dipole and pole-pole arrays using identical instru-

ment and measurement settings in subsequent years in 2008 and 2009 (Figure 3). The pole-pole data,

Figure 3. Graphs of (a) monthly average air temperature and (b) monthly rain-

fall from 2007 to mid-2011. ER data collection periods are indicated using

arrows.
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which are relatively insensitive to lateral variability in resistivity [Dahlin and Zhou, 2004], were used to

establish a 1-D model of the resistivity distribution, which allowed for comparison with the hydrostrati-

graphic model of the field site. Data collected using the dipole-dipole array type, which is most sensitive to

lateral variations in electrical resistivity, were used to obtain 2-D models of the resistivity distribution.

4.3. Pole-Pole Sounding Results
A 1-D vertical electrical sounding data set was derived from the multielectrode pole-pole data collected

along Line A by averaging the apparent resistivity readings for five adjacent midpoints surrounding the

intersection with Line B (Figure 4). The pole-pole array type with two infinity electrodes has relatively low

sensitivity to lateral variations but provides the deepest imaging and most stable signal (low error) com-

pared to other arrays. The vertical electrical sounding data were inverted using IPI2win software [e.g., Sou-
pios et al., 2007] to generate a best fit resistivity model. The algorithm uses a linear filtering approach for

the forward calculation and a regularized optimization based on Tikhonov’s approach to obtain an inverse

solution.

Results of the inversion of the 2008 data are given in Table 1. The best fit three-layer model results in a

very small root-mean-square error of 0.41%. A 0.7 m thick near-surface layer with resistivity of 0.72 Xm rep-

resents the capillary zone with authigenic minerals. The second layer, which represents the sabkha aquifer,

has a lower resistivity of 0.2 Xm and a thickness of 16.5 m. The Miocene carbonates below the sabkha have

a resistivity of 0.88 Xm. When the second layer is fixed to the expected thickness of 10 m (based on inter-

polation of depth-to-Miocene from well data), the root-mean-square error increases to 1.89%, which is still

acceptably low, and resistivities for the second and third layers change to 0.19 and 0.69 Xm, respectively.

To compare the inversion results with the fluid samples collected from wells surrounding the field site, the

resistivity values of layers 2 and 3 from the best fit inversion were converted to fluid conductance values

and TDS. The capillary zone was not included in this analysis. Fluid conductance (rf) was calculated using

the Archie equation:

Figure 4. Details of field setup. Counterclockwise from top left: Layout of geophysical survey lines (see Figure 1 for location), an installed graphite electrode connected to a custom

multicore cable (Cat5e) via a banana plug, RJ45 plugs to connect Cat5e cables with AGI switchbox, and field setup of electrical resistivity measurement equipment.
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rb5rf 3hm; (1)

where rb is the bulk conductivity (reciprocal of bulk resistivity values), h is the porosity, and exponent m is

an empirical value known as the cementation factor. Based on typical literature values, m was set at 1.5

and 2.0 for the aquifer sand and carbonates, respectively [Lesmes and Friedman, 2005]. Porosity was set at

0.38 for the aquifer sand [Wood et al., 2002] and 0.3 for the Miocene carbonates. Samples from wells near

the field site display a strong positive correlation between specific conductance and TDS. Using an empiri-

cal relationship (TDS 5 1.25 3 rf 2 53,000), based on samples with a solute concentration between 65,000

and 250,000 mg/L [Sanford and Wood, 2001], TDS values were estimated for the sabkha aquifer fluids and

the Miocene carbonate fluids. The estimated TDS values are reasonably correlated with measured values

(Table 1). The 1-D resistivity data thus confirm the general hydrostratigraphic model for the field site.

4.4. Dipole-Dipole ERI Data
The dipole-dipole electrical resistivity imaging (ERI) data were inverted using EarthImager2D software.

Inversion settings were optimized using synthetic (forward) models of apparent resistivity based on simpli-

fied models of subsurface salinity and bulk resistivity (Table 1). Initial settings and preprocessing steps are

listed in Table 2. In the field, repeat measurements were used to identify unstable quadripoles; data with

repeat errors larger than 5% were eliminated from the inversion. No reciprocal measurements were con-

ducted. No temperature correction was applied to the data sets because both data collection periods were

in the same month of different years (Figure 3).

The inverted dipole-dipole resistivity data from 2008 are shown in Figure 5a. The top 0.75 m shows the

highest resistivity with values around 1.0 Xm. This high-resistivity layer is representative of the capillary

zone, below which the resistivity sharply drops and vertical structures of alternating resistivity of around

0.1 and 0.3 Xm start to appear. Most of the vertical low-resistivity structures extend to around 6 m depth;

however, a few reach close to the bottom of the profile. The shallow low-resistivity structures have a wave-

length of 6.5–7 m, while the deeper structures display an irregular pattern with a wavelength between 10

and 15 m where present [Van Dam et al., 2009]. In the perpendicular line B, the vertical structures of alter-

nating resistivity were equally apparent but spaced at less regular intervals.

Table 1. Best Fit Inversion Results of 2008 Pole-Pole Sounding Data for Line A, Results of Fluid Salinity Calculations Using Equation (1),

and Comparison of Estimated Solute Concentrations With Measured Averages

Layer Thickness (m)

Bulk Resistivity

(Xm)

Estimated Fluid Specific

Conductance (mS/m)

Estimated

TDS (mg/L)

Measured

TDS (mg/L)

1 0.7 0.72

2 16.5 0.2 213,000 210,000 275,810

3 1 0.88 126,000 110,000 101,453

Table 2. Settings for Inversion of Dipole-Dipole ERI Data

Setting Value/Type

Minimum voltage (mV) 0.02

Minimum V/I (X) 2 3 10205

Minimum apparent resistivity (Xm) 0.01

Maximum apparent resistivity (Xm) 10,000

Maximum repeat error (%) 5

Inversion method Smooth model inversion

Forward modeling method Finite element method

Forward system solver Cholesky decomposition

Boundary condition type Dirichlet

Number of cells between two electrodes 8

Layer-thickness increment 1.1

Inverted model/pseudosection depth 1.1

Maximum number of iterations 8

Stop at RMS error (%) 3

Starting model Pseudosection
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The inverted electrical resistivity profiles from the 2009 field campaign (Figure 5b) are markedly different

from the 2008 data (Figure 5a). Most of the resistivity changes occur vertically with minimal lateral varia-

tion. Similar to the 2008 data, the capillary zone above the water table has the highest resistivity. When lat-

erally averaged over the middle 40 m of the array, 1-D resistivity profiles from 2008 and 2009 are nearly

identical, suggesting that the average vertical salinity distribution has remained fairly constant.

Various steps were undertaken to test the stability of the inversion results from 2008 and 2009. We checked

for possible negative impact of ‘‘bad electrodes’’ on inversion errors by synthetic modeling and found the

possible effects to be minimal for the chosen settings [Eustice, 2011]. Synthetic modeling for a simple two-

layer system (representing an unsaturated zone over a low-resistivity layer of infinite depth) indicated that

the rhythmic near-surface variations in the very shallow high-resistivity zone of both Figures 5a and 5b are

an artifact, caused by the presence of a sharp resistivity boundary at the water table. A mesh size was cho-

sen to avoid instability and provide reproducible results in the inversions.

The significant lateral variations in resistivity for the 2008 ERI data set are consistent with unstable fingering

(Figure 5a). The vertical low-resistivity features appear to be high-density fingers that are descending

through the aquifer, while the high-resistivity features are ascending lighter fluids. There are no obvious

vertical features and very little lateral variation in resistivity in the 2009 data, suggesting that convective

fingering is absent (Figure 5b). Analysis of the geophysical data thus suggests that free convection is epi-

sodic. Through numerical modeling we will address the previously discussed hypothesis that the process

driving free convection in this system is rainfall-induced dissolution of the halite crust. Alternative models

of upwelling of low-density water and evapoconcentration of sabkha water are addressed in section 6.

5. Numerical Modeling

5.1. Background
In simple free convective systems, the onset of instability has traditionally been assessed using the nondi-

mensional Rayleigh number (Ra), which is the ratio between buoyancy-driven forces and resistive forces

caused by diffusion and dispersion:

Ra5
UcH

D0
5

gjDqH

hlD0
; (2)

where Uc is the convective velocity, H is the thickness of the porous layer, D0 is the molecular diffusion

coefficient, g is the magnitude of gravitational acceleration (m/s2), j is the intrinsic permeability, Dq is the

difference between maximum and minimum densities, h is the porosity, and l is the dynamic viscosity of

the fluid (kg/m s). For the classical problem of infinite conducting plates the instability criterion is defined

as Rac 5 4p2. In the sabkha system, the exact Rac is unknown, but smaller than the common maximum of

4p2 [Nield and Bejan, 2006]; assumptions include steady-state flow and independence of mechanical disper-

sion and convective flow velocity. Also, the approach requires averaging of spatially variable properties

and time-dependent length scales [Simmons, 2005]. Some researchers have argued that during early times,
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Figure 5. Inverted resistivity images from dipole-dipole resistivity surveys for Line A from (a) 2008 and (b) 2009. The log scale shows resis-

tivity (q). See Figures 1 and 4 for location.
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the medium must be considered of semi-infinite thickness, rendering equation (2) irrelevant for initial fin-

ger development [e.g., Hidalgo and Carrera, 2009]. Nevertheless, it is worth noting that Ra for the sabkha

system (calculated by Van Dam et al. [2009] as 2.7 3 104) is orders of magnitude larger than the commonly

used values for Rac, including that associated with the classical Rayleigh-Benard convection [Nield and
Bejan, 2006, Table 6.1]. Convection is thus expected to occur.

In recent years, significant advances have been made in continuum modeling of convective processes in

porous media [e.g., Zoia et al., 2009; Post and Simmons, 2010; Xie et al., 2011]. To simulate the time evolu-

tion of the convective process in the UAE aquifer, we performed a hydrodynamic simulation using COMSOL

Multiphysics software solving fluid and solute mass balance equations. We tested the software using the

classic Elder problem as a benchmark and found that it functioned as expected.

Fluid flow is calculated by Darcy’s law:

u52
j
l
ðrp1qgrzÞ; (3)

where u is the Darcy velocity or specific discharge vector (m/s), j (m2) is the permeability, p is the fluid pres-

sure (Pa), andrz is a unit vector in the direction over which the gravity acts (m).

Darcy’s law is then inserted into a continuity equation:

@

@t
ðqhÞ1rðquÞ50; (4)

to obtain

@

@t
ðqhÞ1rq 2

j
l
ðrp1qgrzÞ

� �
50: (5)

Since solute transport is taking place in a fully saturated medium and we assume that the solutes are con-

servative, transport can be modeled using a simplified advection-dispersion equation without adsorption

and desorption terms:

hs
@C

dt
1rCu2rðhsDrCÞ50; (6)

where hs is the fluid’s volume fraction (equal to porosity in saturated medium), C is the fluid concentration,

and D is the hydrodynamic dispersion tensor [e.g., Bear, 1972]. We chose a dispersivity of 8 cm based on lit-

erature analysis and sensitivity analysis runs, providing results that were in qualitative agreement with the

resistivity inversion.

5.2. Implementation
The sabkha system was modeled in 2-D using a 30 m 3 10.13 m (width 3 height) model domain. Vertically,

the domain is divided into two horizontal layers: the 10 m thick bottom layer represents the aquifer in

absence of infiltrating rainwater,

whereas the top layer represents the

increased saturated thickness due to

recharge (Figure 6). The thickness of

the upper layer is a function of the

amount of rainfall (0.05 m) divided by

the porosity (0.38), with the fluid solute

concentration in this layer depending

on the mass of halite available in the

surface crust. This model design

assumes that at the start of the
Figure 6. Geometry and boundary conditions for the simulation. Parameter val-

ues are listed in Table 3.
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simulation, rainfall has infiltrated through the capillary zone to the top of the water table to extend the sat-

urated thickness of the aquifer.

The model domain was discretized using a structured quadrilateral mesh with cell sizes between 0.065 m

3 0.08 m for the top layer and 0.08 m 3 0.08 m for the bottom layer. The maximum cell size in the mesh

was determined by the critical Peclet number to avoid numerical instability of the model. All four bounda-

ries of the model are considered no solute flux, with no mass flowing in or out, and a total flux equal to

zero: n � (Cu 2 D �!C) 5 0, where n is a vector normal to the boundary. Similarly, the same edges of the of

the model domain are treated as no-flow boundaries: n/m(!p 1 qg!z) 5 0. The assumption of lateral no-

flow and no-flux boundaries is reasonable because the horizontal hydraulic advection rate at our site is too

small to significantly affect convective fingering. Additionally, the influence on the system of the upwelling

from the formation below the aquifer is orders of magnitude smaller than that of a large rainfall event so

that vertical flux and flow out of the bottom boundary of the system can be ignored. The top boundary is

treated as an atmospheric pressure boundary with a pressure of p0 5 pATM and a zero solute flux. The inflow

due to recharge was simulated by emplacing a 13 cm thick zone of fluid with the concentration of the

measured ponded water on top of the fresher aquifer water (Figure 6). For the temporal discretization we

used a setting that allowed for a varying time step dependent to maintain stability of the solution.

To represent the conditions and processes of the system as accurately as possible, input parameters char-

acteristic of and mostly identical to the field conditions were used. These were obtained by field measure-

ments or from the relevant literature (Table 3). The starting model simulated the first of two rainfall events

that preceded the 2008 ERI data collection. Based on the calculated infiltration time of approximately 5

weeks we assume that the second event would have had a limited impact on the initial formation of

fingers.

5.3. Results
The simulation period was 52 weeks. During the first few weeks of the simulation, many small high-

concentration fingers quickly developed from the top layer and began descending into the bottom layer

of the model (Figure 7). The location of these fingers appeared to not be tied to the mesh discretization, as

the same number of fingers developed independent of mesh characteristics. Initially, the model developed

small fingers with a wavelength of around 0.8 m. Over time, the small fingers began to coalesce into fewer

and larger fingers, as expected [e.g., Elder, 1967; Kolditz et al., 1998], with wavelengths of up to around 1.5

and 3 m for the middle and lower parts of the model domain, respectively. Multiple realizations produced

similar results. Small numerical instabilities would occasionally develop during the simulations, but these

did not impact model results.

A quantitative estimate of the convective velocity of high-density fingers is needed to assess whether the

fingers are expected to be present during any of the three ERI data collection campaigns. We calculated

the velocity of the infiltrating solute mass using the deepest point of the infiltration front (DPF) approach

[e.g., Xie et al., 2011]. DPF is the deepest point in the model domain of the interface between the dense

plume and the background fluid. We defined the DPF interface as the concentration with C 5 0.01 3

(Cs 2 C0). DPF velocity gives a maximum estimate of the finger descent rate and is closest to the theoretical

Table 3. Model Parameters, Values, and Sources Used in COMSOL Modeling

Parameter Value Unit Source

Domain height (L) 10 m Van Dam et al. [2009]

Density of aquifer water (q0) 1180 kg/m3 Wood et al. [2002]

Density of infiltrating water (qs) 1305 kg/m3 Wood et al. [2002]

Concentration of aquifer water (C0) 275.8 kg/m3 Wood et al. [2002]

Concentration of infiltrating water (Cs) 440 kg/m3 Wood et al. [2002]

Dynamic viscosity (l) 0.001 kg/m s Assumed for fresh water

Hydraulic conductivity (K) 6.57 m/d Measured

Porosity (h) 0.38 Wood et al. [2002]

Dispersivity (a) (lateral and transverse) 0.08 m Schulze-Makuch [2005]

Pressure (p) 1 atm Assumed for sea level

Acceleration of gravity (g) 9.81 m/s2 Constant
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speed of Uc 5 (K/h) 3 (Dq/q0) [Xie et al.,
2011]. An alternative approach to esti-

mate fingering speed is via calculation

of the center of mass (COM), which is

typically significantly slower than DPF

velocity. COM velocity is based on the

calculation of solute concentrations

that have been laterally integrated for

the model domain [e.g., Post and Kooi,
2003]. Since our model uses a finite sol-

ute source, the resulting laterally aver-

aged concentration profiles become

very smooth (Figure 7), which limits the

usefulness of the COM velocity.

Although recent work demonstrates

that calculation of the convective veloc-

ity is considerably more complicated

than previously thought [Xie et al.,
2012], our calculated velocities provide

a useful first-order estimate. The DPF

rate of finger descent was initially rela-

tively fast, with speeds of around

0.2 m/d in the first week (Figure 8). The

rate of descent slowed over time to

around 0.02 m/d near the end of the 1

year simulation period. The finger

descent slows due to factors including

fluid entrainment, mechanical disper-

sion and molecular diffusion that

reduce the density within fingers, and

upwelling of lower-density fluid

between neighboring fingers [Xie et al.,
2011]. In later times, the physical limita-

tions of the model domain may also

play a role in the velocity reduction.

6. Discussion

6.1. Comparing Modeling and ER
Results
Key characteristics of the COMSOL sim-

ulation results are similar to the geo-

physical inversion models (spatial

patterns, temporal evolution of the

complex fingering, and solute concen-

trations), although there are also differ-

ences. At t 5 15 weeks from the start of

the simulation, high-density fingers had descended into the lower-density fluid to approximately 4 m

depth (Figure 7d). The geophysical imaging shows a similar pattern with fingers descending approximately

6 m into the aquifer. The observed differences can be the result of the limited resolution of ER data with

increasing depth as well as differences in hydraulic properties and densities between the model and the

natural system. Also, the process was modeled in 2-D, whereas the real convection progresses in 3-D.

The 2-D geophysical images were laterally integrated, similar to the concentration depth profiles in Figure

7. The 1-D bulk electrical conductivity obtained by this lateral averaging was plotted in Figure 7d. The

Figure 7. Fluid concentrations after (a) 1, (b) 3, (c) 7, (d) 15, (e) 29, and (f) 52

weeks from the start of simulation. The model domain is 30 m wide by 10.13 m

high (Figure 6). The starting concentration of the infiltrating water is 440 kg/m3,

and background fluid has a concentration of 275.6 kg/m3. Other modeling

parameters are given in Table 3. The graphs on the right show 1-D concentra-

tion depth profiles (laterally integrated fluid concentrations) for the model

domain; note the different concentration scale for Figure 7a. The 1-D plot at (d)

includes a comparison with the laterally integrated (1-D) bulk conductivity,

obtained from Figure 5a, in red.
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pattern of a decrease in electrical con-

ductivity with depth is similar to the

changes in fluid salinity from the COM-

SOL simulations. The bulk conductivity

data were converted to concentration

and fluid salinity using the Archie

equation and parameters discussed

previously (q 5 0.76C 1 972.45, based

on data in Sanford and Wood [2001]).

The 1-D TDS profile obtained from the

geophysical data is comparable to the

TDS distribution from the transport

model. The DPF value obtained from

the geophysical data is 1–2 m larger

than that calculated based on the

transport model. However, as dis-

cussed earlier, a direct match is not

expected. This is due to differences in

modeling and measurement

approaches but also because instabil-

ities are semichaotic by nature that

cannot be expected to match exactly.

The joint results of the experimental

ER imaging and the numerical simula-

tions suggest that some important

questions about this process in natural

systems [Simmons, 2005] may start to be answered. This work provides information on the scalability of

experimental results and numerical simulations. Our work also suggests that future investigations will be

able to address the relative importance of various modeling simplifications that are made in models of

unstable fingering. Finally, our work suggests that geophysics is a powerful alternative method to charac-

terize these systems, although it may never be possible to completely replace direct head measurements

or other field data.

6.2. Rainfall-Induced Dissolution of Halite
Concentration differences between the ponded surface water and the sabkha aquifer were found to be as

high as 250 kg/m3 [Wood et al., 2002]. The Rayleigh number for this concentration difference is orders of

magnitude higher than the common instability criterion (4p2). Two major rainfall events of 50 and 64 mm

took place 18 and 6 weeks, respectively, before the first data collection period in March 2008 (Figure 3).

Based on the amount of halite in the surface crust and capillary zone, both events had the potential to

become completely saturated with dissolved halite. Considering the timing of these rainfall events it is

likely that a dense brine infiltrated to the water table prior to the field visit in 2008 (Figure 3). By taking into

account the �25 days for infiltration through the capillary zone [Eustice, 2011] we assume that the fingers

would have had around 15 weeks to develop. The second rainfall event, 6 weeks before the field visit in

2008, would have had limited impact on convective fingering, as only 2–3 weeks would have been avail-

able for a second set of fingers to develop. This event may, however, have further increased the TDS near

the water table. For both events, overland flow may have affected the total influx; however, based on

falling-head infiltrometer experiments [Eustice, 2011] and the low gradient of the site [Wood et al., 2012],

overland flow would have been minimal.

Total rainfall in the year prior to the 2009 field campaign was very small with a total of 18 mm of rain dur-

ing the 2008–2009 water year. Although the transport simulation results suggest that the fingering would

have still been present (Figure 7), the contrast in solute concentration between descending fingers and

upwelling sabkha water was significantly reduced by diffusion. We therefore believe that the remaining

concentration differences would have been below the resolution of the ER measurements.

Figure 8. Graphs of (a) the deepest point of the infiltration front (DPF) for the

52 week simulation and (b) derived DPF velocity in meters per day.
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6.3. Alternative Model
Analysis of water samples from the sabkha aquifer and the underlying Miocene formation shows a large

density difference [Wood et al., 2002; Van Dam et al., 2009]. The contrast is well above the typical Rayleigh

instability criterion, suggesting that the continuous upwelling of lower-density water (driven by the rainfall

deficit and small regional hydraulic gradient) may also lead to unstable free convection. Unknown variables

in this system are the likely gentle gradient of the density contrast and the possible negative effect of the

porosity difference on the development of convective flow.

Using the same model domain and boundary conditions as described earlier, this process was simulated in

COMSOL. We used a continuous source at the bottom of the domain with a DC of 174.3 kg/m3 and ran a

simulation for 33 years. The results indicate that these conditions do enable free convection to develop.

However, the concentration difference of the fingers was an order of magnitude smaller than that associ-

ated with the infiltration of rainfall-induced brine, and thus possibly below the resolution of the electrical

imaging. Also, the process took multiple years to develop, which suggests that it would not be present in

2009 after the homogenizing effect of the rainfall-induced fingering episode in 2008.

7. Conclusions

Results from time-lapse geophysical characterization and hydrodynamic modeling of transient free convec-

tion in a shallow homogeneous-sand sabkha aquifer in the United Arab Emirates are presented. This is the

first quantitative, systematic evaluation of free convection dynamics in the field using a combination of

direct field evidence and modeling. Electrical resistivity data collected in 2008 and 2009 demonstrated that

free convection in this system is not at steady state. A complex fingering pattern that was observed in

2008 data was not present in later data sets.

Based on the hypothesis that the convective fingering in 2008 was enabled by the downward infiltration of

a dense brine after the rainfall-induced dissolution of the halite crust of the sabkha, we developed a halite

budget that indeed suggests a very dense brine likely formed. 2-D numerical modeling of a density inver-

sion was performed using this halite budget, measured fluid densities, and the observed rainfall event. The

results of this simulation demonstrate that free convection in this system is possible, and that the timing

for the development of fingers in the model coincides with the timing of electrical resistivity data collection

in 2008. Moreover, the vertical distribution of fluid concentrations for the model domain (laterally inte-

grated) is consistent with the estimated fluid concentrations from the inverted electrical resistivity data.

The rapid decay rate of the fingering in the numerical model also explains the lack of complex fingering in

the subsequent data collection period. In support of previous field and numerical work, this study high-

lights the importance of the transient character of free convection phenomena in natural systems. It has

important implications not only for sabkhas, but also for other places around the world (e.g., salt lakes)

where episodic convection is expected to take place.

Critically, this paper provides important direct field measurements in a discipline (variable density ground-

water flow) where field data and especially direct observational evidence are quite rare. There are only a

few papers that provide direct evidence of fingering in the field. This paper is the first to provide such

direct and independent evidence, coupled with time series data, to allow for quantifying the speed and

the dynamics of free convective fingering in a field setting. This is a major step forward for the study of free

convection. Temporal data sets such as the one presented here are critical to improve our understanding

of the dynamics of free convection in field systems. More generally, studies such as the one presented here

are critical to complement, reconcile, test, validate, and indeed balance the huge number of theoretical

and modeling studies on this topic that exist in the literature.
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