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Key points: 

• Fluid convection in buried fracture zones can lead to significant heat flow 
focusing 

• Transmissivity, rather than thickness or permeability alone, controls 
convective patterns in the fracture and related thermal anomalies 

• Interaction between convection in fracture and permeable hosts is a function 
of host rock permeability 
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Abstract: 
 
Natural water convection in subvertical fractures, fracture zones, or faults can perturb 
the temperature field around the fracture and enhance and focus vertical heat flow 
within. We investigate, by means of numerical simulation, the effects of convection in 
a deeply buried vertical fracture zone.  Fracture zone transmissivity, defined as 
permeability times thickness of the permeable region, is found to be the primary 
control on convection style rather than fracture zone thickness or permeability alone.  
In an impermeable host rock, the convection-induced thermal anomaly propagates 
solely via conduction, diminishing away from the fracture.  Convective heat flow 
increases with fracture transmissivity up to ca. 10-8 m3, when a plateau in convective 
heat flow is reached, constrained by fracture size and the host rock’s thermal 
conductivity. Permeable host rocks modify these results significantly. In a moderately 
permeable host rock (10-14 m2), convection in the fracture induces non-Rayleigh fluid 
convection, while thermal effects and fluid exchange between host rock and fracture 
remain moderate.  If the host rock is sufficiently permeable to allow porous medium 
Rayleigh convection to occur (10-13 m2), the convection patterns within the fracture 
are overprinted by the host’s convective patterns. Fluid exchange between the fracture 
and the rock will be significant. Our findings provide insight into how thermal 
anomalies in the uppermost crust may relate to locally enhanced heat flow from 
convection in non-outcropping fractures below. Furthermore, the results for 
permeable host rocks provide evidence for previously inferred hydrologic scenarios 
for the formation of certain hydrothermal, vein-type mineral deposits.  
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1 Introduction: 
 
Fractures and faults are common features of the shallow crust and often serve as high-
permeability conduits for fluid, heat, and solute transport [Lowell 1975; Berkowitz 
2002; Simms and Garven 2004].  Fluid is focused into these features, impacting 
subsurface heat distribution [Waring 1983] and promoting fluid mixing, which may 
result in localized ore deposition [Koide and Bhattacharji 1975; Haynes et al. 1995; 
Matthäi, Heinrich, and Driesner 2004; Ingebritsen and Appold 2012] or diagenesis 
[Chan, Parry, and Bowman 2000; Eichhubl, Davatzes, and Becker 2009].  It is well 
known that convective flow of fluid may occur in fractures and faults, significantly 
increasing heat transport through the system [Lowell 1975; Murphy 1979; 
Rabinowicz 1999; Faulds et al. 2010].  
 
A prominent example for the importance of natural fracture-bound fluid convection 
(hereby referred to as “fracture convection”) is the Soultz-sous-Fore�ts Enhanced 
Geothermal System test site in France [Clauser, Griesshaber, and Neugebauer 2002; 
Bächler, Kohl, and Rybach 2003; Genter et al. 2010]. There, a significant thermal 
anomaly and large geothermal gradients in the sedimentary cover give way to 
gradients as low as 10°C/km in the granitic basement at 1.4 to 3.7 km depth [Pribnow 
and Schellschmidt 2000]. Such low gradients cannot be explained solely by 
conductive heat transfer as this would require thermal conductivities much higher 
than those of the basement; rather they are interpreted as the consequence of fluid 
convection in fractures in otherwise essentially impermeable granitic rocks [Genter et 
al. 2010; Siffert et al. 2013].  Equivalent porous medium permeability of the 
unstimulated fractured granite has been estimated to be on the order of 10-17 m2 
[Rummel 1991; Evans, Genter, and Sausse 2005], too low for natural convection in a 
purely porous medium [Ingebritsen et al. 2010].  This discrepancy calls for a more 
quantitative assessment of the role of fracture convection in crustal heat transport.  
 
Previous studies have taken into account heat exchange between convection within a 
single planar fracture or fault and host rock walls, both in 2D [Sorey 1978; Murphy 
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1979] and 3D [López and Smith 1995].  These earlier works focused on stability 
analysis and convective regimes, while López [2002] investigated the resultant 
thermal perturbation in the host rock.  More recent studies focused on this thermal 
effect, but consider only a 2D domain [Guillou-Frottier et al. 2013], which does not 
account for convection cells within the fracture plane. 
 
Fracture convection can induce fluid movement in the host rock, via fluid exchange 
between fracture and host [Magri et al. 2016] or by inducing convection due to lateral 
thermal gradients [Wangen 1997].  This fracture-matrix exchange is often accounted 
for in 2D convection models [Jianwen Yang, Latychev, and Edwards 1998; Simms 
and Garven 2004], but sparingly in 3D models [López and Smith 1995; Bächler, 
Kohl, and Rybach 2003].  All of these studies have focused on surface-connected 
features.  Localized hot and cold regions are created by Rayleigh convection within a 
fracture, resulting in lateral temperature gradients within and laterally away from the 
fracture [Bächler, Kohl, and Rybach 2003; Guillou-Frottier et al. 2013].  These lateral 
thermal gradients can induce convection in the host rock, causing fluid to buoyantly 
rise or sink.  Rayleigh-Bérnard convection is the result of vertical temperature 
gradients; therefore, this lateral gradient-driven convection is referred to as “non-
Rayleigh” convection [Wangen 1997; Simms and Garven 2004].   
 
The role of fractures in uniform, permeable rock units undergoing Rayleigh 
convection has been studied in 2D [Pedersen and Bjørlykke 2007; J. Yang, Large, and 
Bull 2004; Guillou-Frottier et al. 2013], while convection patterns within a fault have 
been studied in 3D [Bächler, Kohl, and Rybach 2003].  However, to the best of our 
knowledge, the simultaneous natural convection in fractures/faults and host rock has 
not been investigated systematically, except by Tomlinson who, in contrast to this 
study, only considered the temperature dependence of fluid density using the 
Boussinesq approximation [Tomlinson 2006].  Natural convection within a permeable 
host rock (hereby referred to as “host rock convection”) has been thoroughly studied 
[e.g., Holst and Aziz 1972; Nield and Bejan 2006], but little is understood of how 
fracture convection may affect it. 
 
This study attempts to begin filling these knowledge gaps about natural convection in 
and around fractures.  By means of numerical simulation, the thermal effects of 
fracture convection in a single fracture, entirely embedded in impermeable host rock 
and without connection to the surface, are investigated.  In particular we look at the 
additional heat transported through the fracture to overlying rock units.  Next, the host 
rock permeability is increased and non-Rayleigh convection is investigated, focusing 
on flow patterns into, out of, and around the convecting fracture.  Lastly, host rock 
permeability is increased such that natural convection is initiated in both fracture and 
the permeable rock layer. 
 
 
2 Methodology 
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Single-phase fluid flow in a porous medium is commonly described by Darcy’s law: 

 
 

𝒗 = −
𝑘
𝜇𝑓
�𝛻𝑝 − 𝜌𝑓𝒈� , (1) 

 
where v is the fluid velocity vector, k is rock permeability, μf is dynamic fluid 
viscosity, p is fluid pressure, ρf is fluid density, and g is the gravitational acceleration 
vector.  The permeability of an open slot fracture is often approximated by the parallel 
plate assumption, calculated [Bear 1972; Witherspoon et al. 1980] as: 
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where a is parallel plate fracture aperture.  Combining Darcy’s law with a mass-based 
continuity equation leads to the transient fluid pressure equation (e.g., Yapparova et 
al. 2014) 
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where ϕ is porosity, βf is fluid compressibility, βr is rock compressibility, and ρr is 
rock density.  The energy conservation equation is used: 
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= 𝛻 ∙ (𝐾𝛻𝑇) − 𝛻 ∙ �𝐯𝜌𝑓ℎ𝑓� , (4) 

 
where ρr is rock density, cpr is rock specific heat capacity, cpf is fluid specific heat 
capacity, K is thermal conductivity, and hf is the fluid’s specific enthalpy.  We assume 
instantaneous thermal equilibration between the rock and fluid.   
 
This system of equations can be decomposed into a parabolic (diffusive) and a 
hyperbolic (advective) part, solved sequentially using an operator splitting technique, 
described in Coumou et al. 2006 and Yapparova et al. 2014.  We make use of the 
Complex Systems Modeling Platform, CSMP++ [Matthai et al. 2007], and a hybrid 
finite element-finite volume scheme [Geiger et al. 2004].  This scheme solves the 
diffusion equations using the FE method (FEM), which is well-suited for parabolic 
equations, while advection is computed with the FV method (FVM), that is locally 
conservative and well suited for hyperbolic problems [Baliga and Patankar 1980; 
Cordes and Kinzelbach 1992; Coumou 2008].  Additionally, the diffusive part of the 
transport equations (3) and (4) is decoupled and solved separately.  The solution 
sequence is as follows:  
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1. The temperature diffusion equation is solved using the FEM,  
2. Heat transfer advection equations are solved using the FVM,  
3. Fluid properties are updated,  
4. The pressure diffusion equation is solved using the FEM,  
5. New Darcy velocities are calculated.   
 
All fluid properties are calculated as a function of temperature and pressure using the 
IAPS-84 equation of state for pure water [Haar, Gallagher, and Kell 1984].   
 
 
3 Model Setup 
 
The simulation domain presented here is inspired by the geological setting of Soultz-
sous-Fore�ts, in which fractured but otherwise low permeability/porosity crystalline 
basement rock lies beneath a thick sedimentary cover [Baria et al. 1999; Bächler, 
Kohl, and Rybach 2003].  The geothermal gradient observed in multiple wells drilled 
through these units is greatly reduced in the upper portion of the basement rock, 
attributed to fluid convection in faults and fractures in the otherwise impermeable 
host.   
 
Along these lines, we similarly divide our model into 3 layers: the top representing an 
impermeable cover sequence at 0.0 – 1.5 km depth, the middle representing 
permeable or impermeable rock with the fracture occupying the vertical interval from 
1.5 – 2.5 km depth, and the bottom layer representing impermeable basement rocks 
below 2.5 km depth. We examine a box-shaped domain with a horizontal extent of 5 
km by 5 km and 4 km thick that contains a single vertical fracture completely 
enclosed in its interior, with a height of 1 km and length of 2 km.  Fractures in 
massive granitic host rocks are generally elliptical when unbound by bedding layers 
or other geological structures [Pollard and Aydin 1988; Zhang and Einstein 2010]. 
The geometric setup is strongly simplified compared to actual geologic situations with 
complex fracture networks (e.g., at Soultz-sous-Fore�ts, [Dezayes et al. 2011; 
Baillieux, Schill, and Dezayes 2011]), but was chosen in order to cleanly extract first 
order behavior that is undisturbed by site-specific geologic complexity. Furthermore, 
the simulation assumes that the fracture is instantaneously formed and filled with 
water, as simulating fracture growth is beyond the scope of this study. The top of the 
domain represents the earth’s surface and has a fixed temperature of 10 °C and fixed 
pressure of 0.1 MPa.  The bottom boundary has a prescribed heat flux of 85 mW/m2 
but is closed to fluid flow.  The sides are no-flow boundaries with regards to both 
fluid and heat.  Starting from a purely conductive steady state, we simulate transient 
fluid convection to 15,000 years.  
 
To avoid superposition of the effect of convection in the fracture and thermal 
conductivity variations, the thermal properties of all layers are set to be identical. 
Furthermore, the top and bottom rock properties are the same in each model, while 
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the middle layer’s permeability and porosity are varied from model to model, see 
Table 1.  The elliptical fracture is 2 km long and 1 km tall (1000m and 500m 
principal radii) and placed in the middle of the middle layer, spanning the height of 
the middle layer but not extending into the top or bottom layers.  
 
We simulate both narrow, open, parallel-plate fractures and wide, permeable fracture 
zones or faults (generically referred to as fractures for the remainder of this 
manuscript).  Discretely modeling high aspect-ratio fractures in a large domain is 
accomplished by using lower-dimensional (surface) elements to represent fractures.  
This saves computation time while no accuracy is lost [Juanes, Samper, and Molinero 
2002], but can only be used when fracture permeability is larger than host rock 
permeability and the fracture/fault has a large aspect ratio [Grillo et al. 1999; Kim and 
Deo 2000].  To describe and compare fractures of varying width and permeability, we 
use fracture transmissivity:  
 
 𝑇𝑓𝑟 = 𝑘 ∙ 𝑎 , (5) 
 
where a is strictly the thickness of the permeable fracture zone.  In the case of a 
parallel plate fracture, a represents the aperture of the open slot.  It should be noted 
that this definition has units of length cubed and is not to be confused with hydraulic 
transmissivity [Jaeger, Cook, and Zimmerman 2009; McClure and Horne 2014].  
Though it is unrealistic that an open fracture would exist on the scale presented here, 
we include it in this study, demonstrating that convection patterns and subsequent 
thermal anomalies are similar in both open fractures and filled fracture zones.  The 
more realistic, wider fracture zones or faults are modeled using either lower-
dimensional (2D) or volumetric (3D) elements. 
 
To assess whether water in the host rock in each model should spontaneously convect, 
the dimensionless Rayleigh number of the permeable middle layer is calculated. This 
Rayleigh number is a dimensionless number which compares buoyancy to viscous 
forces and is often used to assess the onset and strength of convection [Lapwood 
1948; Murphy 1979; Lowell 1975].  It is calculated as,  
 

 
𝑅𝑎 =

𝜌𝑓2𝑔𝛼𝑓𝐻2𝑘𝐺𝑐𝑝𝑓
𝜇𝑓𝐾𝑟

  , (6) 

 
where αf is thermal expansivity of water, H is the height of the rock unit, G is the 
geothermal gradient, Kr is the thermal conductivity of the host rock, and cpf is the heat 
capacity of water.  In general, natural convection spontaneously develops when Ra 
exceeds a certain critical value.  This Rayleigh number definition assumes constant 
thermal αf  and cpf resulting in a linear density variation with temperature.  For a 
horizontal, homogeneous rock unit with a constant heat flux boundary condition at the 
bottom, and water properties taken at 25 °C this critical Rayleigh number is ~27.1 
[Lapwood 1948; Nield 1968].  Jupp and Schultz [2000; 2004] pointed out that a 
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standard Rayleigh analysis may fail in the case of strong temperature and pressure 
dependence of fluid properties.  Although our simulations use such fully temperature- 
and pressure-dependent water properties, the limited temperature range allows the 
linear Rayleigh analysis to be applied as an approximation estimating the likelihood 
of natural convection.  As seen in Table 1 and in agreement with our simulations, Ra 
exceeds ~27.1 and Rayleigh convection is indicated only for Model 3. 
 
A Rayleigh number can also be calculated for fractures and faults [Murphy 1979; 
Tournier, Genthon, and Rabinowicz 2000], but is of minor relevance for analysis of 
the long-term thermal effects that we study here.  Rather, as we will demonstrate, 
fracture transmissivity appears to be the main control on the thermal effect of 
convection in fracture zones.  No initial thermal perturbation is required to initiate 
convection in our models: the use of unstructured meshes of first-order finite elements 
results in minute differences in fluid flow within the fracture which triggers 
convection, should the fracture be sufficiently permeable.  Consequently, convection 
patterns in the fracture vary slightly between discretizations.  For instance, the 
location of an upflow zone may be shifted from one discretization to the next, or 
convection cells may be slightly wider/narrower.   
 
To compare the thermal effect of convection in a fracture, the overall additional heat 
flow is calculated by integrating the conductive heat flux over a horizontal slice 
through the whole domain, 100 m above the fracture, then subtracting the integrated 
background basal heat flux.  To illustrate the effects of different spatial 
discretizations, Figure 1 shows the additional heat flow due to convection from ten 
different mesh realizations (each with ca. 1,000 fracture elements) for fractures with 
transmissivity 2.9·10-11 m3 and 8.3·10-11 m3.  Lower transmissivity fractures result in 
fewer convection cells, making any change in cell location/width more impactful, 
leading to slightly larger variations between discretizations (ca. ±11% in peak 
additional heat flow, compared to ±6% for the higher transmissivity case).  Similar 
results, both in magnitude and variability, are also seen in finer discretizations (ca. 
2,500 fracture elements, not shown). Additionally, we investigated the effect of 
different mesh resolutions in the host rock walls perpendicular to fracture, which 
result in only minor changes and ~3% change in maximum additional heat flow.  
 
 
4 Results 
 
We first investigate the heat transport effects of fracture convection in an 
impermeable host, focusing on the extent of thermal perturbation and increased 
vertical heat transport (Model 1).  Next, the host is made permeable and we 
investigate the secondary, non-Rayleigh fluid flow induced by convection in the 
fracture (Model 2).  Host rock permeability is further increased to allow spontaneous 
Rayleigh convection in the permeable layer, altering fracture convection patterns 
(Model 3). 
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4.1 Convection in fracture zones as a function of thickness 
 
In order to test the sensitivity of convection patterns and resulting thermal 
perturbations to fracture zones thickness, we simulated open, parallel-plate fractures 
as lower-dimensional elements (2D) as well as full-dimensional elements (3D) to 
model filled fracture zones.  We compare convection in the fractures by keeping 
fracture transmissivity (i.e. permeability times thickness) constant while varying 
thickness.  Each model uses a common mesh along the centerline of the fracture, 
maintaining node locations at the middle of the fracture in order to minimize mesh-
related variability.   
 
Table 2 shows the fracture properties for various fracture thicknesses, along with the 
resulting thermal gradient and Darcy velocity due to convection.  All results shown 
are taken after 10,000 years of simulation time using an identical mesh of Model 1.  
Four models of varying thickness are shown for two values of transmissivity: 2.9·10-11 
m3 and 8.3·10-11 m3, corresponding to an open slot fracture of 0.7 mm and 1.0 mm, 
respectively.  Despite several orders of magnitude difference in thickness and 
permeability, the thermal effect of each of these fractures is similar.  The additional 
heat flow through these fractures is shown in Figure 2.  For each value of 
transmissivity, convection patterns, geothermal gradient inside the fracture, and 
additional heat flow are similar, implying that transmissivity is the primary control. 
 
 
4.2 Fracture convection in impermeable host rock 
 
There are three convective flow regimes for a large, vertical fracture: no convection, 
steady convection, and unsteady convection [López and Smith 1995].  Below a 
certain threshold permeability, the fluid flows too slowly to advect significant 
amounts of heat before it diffuses into the host; convection does not occur.  Just above 
this threshold, advection begins to dominate over diffusion, resulting in the formation 
of convection cells, which reach a nearly steady state, changing little over time.  As 
permeability increases, another threshold is reached and convection becomes 
unsteady - episodic, with some regions within the fracture never reaching a steady 
state.  This unsteady convection is typically limited to the lateral edges of the fracture 
and induces only minor changes in heat transfer with the host. 
 
When the host rock is impermeable, convection within the fracture is essentially a 
closed-loop system, where upward flow of water must be balanced by downward 
flow. Increasing fracture permeability results in larger rates of fluid flow and 
convective heat transfer, as well as narrower and more numerous convection cells.  
The circulating fracture fluid thus exchanges heat between the top and bottom of the 
fracture, reducing the temperature range within the fracture. 
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The transition between steady and unsteady convection lies between a transmissivity 
of 2.9·10-11 m3 and 4.3∙10-11 m3.  Table 3 shows the convection regime, thermal 
gradient, and Darcy velocity for various fractures. This transition, however, does not 
affect the thermal structure of the system, as both steady and unsteady convection 
significantly impact the thermal gradient.  
 
The thermal perturbation spreads into the host rock exclusively via conduction, as 
upward flowing, hot water heats the rock above the fracture and downward-flowing 
water cools the rock below. The extent of the perturbation around a fracture is shown 
for low-transmissivity (Tfr = 1.04∙10-11 m3), medium-transmissivity (Tfr = 2.9∙10-11 
m3), and high-transmissivity (Tfr = 8.3∙10-11 m3) after 15,000 years simulation time is 
shown in Figure 3.  The initial (conduction only) temperature of the fracture is ~74 
°C at the top, 95 °C at the middle, ~116 °C at the bottom. 
 
The strongest thermal perturbations in the host rock occur near the top (heating) and 
bottom (cooling) of the fracture. Less permeable fractures with only a few convection 
cells develop asymmetric host rock heating patterns near the top of up-flow zones that 
affect only rather small volumes.  For example, a low-transmissivity fracture develops 
a +/-2 °C anomaly up to ~150 m away from the fracture. Increasing fracture 
transmissivity creates more numerous and narrower convection cells, which result in 
more symmetric and extensive heating around the upper tip of the fracture. The same 
is true for the cooling zone that develops surrounding the bottom perimeter of the 
fracture. The high-transmissivity fracture, by contrast, has a +/-2 °C anomaly which 
propagates up to ~400m (i.e., just less than half of the fracture height) into the host 
rock and the regions of strongest thermal perturbation shift upwards (heating) and 
downwards (cooling) in the fracture.  As the thermal perturbation diffuses outward 
from the top of the fracture it becomes less pronounced, to the degree that the near-
surface expression of such an anomaly is negligible.  
 
The thermal perturbation is weakest in the middle depths of the fracture. At this level, 
contrary to the thermal effects near the top and bottom parts, fewer and wider 
convection cells result in wider thermal perturbations, with the +/-2 °C anomaly 
propagating up to 200 m into the host rock for a low-transmissivity fracture.  
Narrower convection cells imply a closer spacing of hot and cold regions, leading to a 
thermal cancellation effect away from the fracture and limiting the +/-2 °C anomaly 
to an approximate distance of 50 m in the high-transmissivity case. In general, given 
the semi-circular shape of the individual anomalies around up-/down-flow zones, this 
distance is limited by and roughly equal to the half width of upflow or down-flow 
zones inside the fracture.   
 
 
4.3 Fracture convection in permeable rock 
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4.3.1 Fracture convection in non-convecting host rock 
 
Fracture convection in permeable rock results in fluid flow around and into/out of the 
fracture itself.  Model 2 features a 1000-m, moderately permeable (10-14 m2) rock unit 
containing the fracture, bounded above and below by impermeable (10-18 m2) rock 
(properties given in Table 1).  Although thick and permeable, the Rayleigh number 
for this unit is ~20, less than the critical value (~27.1), and therefore fluid in the host 
rock does not spontaneously undergo Rayleigh-Bernard convection. 
 
As thermal anomalies resulting from convection in the fracture propagate into the host 
rock, fluid near the fracture begins to flow upward and downward, as well as into and 
out of the fracture. The host rock permeability allows for fluid exchange with the 
fracture; fracture convection is no longer a closed-loop.  As a result, the flow rates 
inside the fracture are slightly decreased (~5%) and convection cells are slightly 
narrowed (~10%) as rock permeability is increased from an essentially impermeable 
10-18 m2 to 10-14 m2.  Although fluid exchange between the rock and the fracture 
generally increases heat transfer, Darcy velocities in the host rock remain low (ca. 10-

10 m s-1, or 0.3 cm per year) and diminish away from the fracture.  Therefore, the 
thermal impact of the fracture convection remains spatially restricted just as in the 
impermeable host rock scenario.  
 
Flows into, out of, and around the fracture display a limited range of characteristic 
patterns as a function of host rock permeability (Figure 4).  Nearly all fluid exchange 
occurs through the fracture walls rather than through the narrow edges of the fracture.  
 
Large, wide convection cells in the fracture, such as in the low-transmissivity case, 
results in a portion of the fluid flowing out of the fracture at the top of upward-
flowing regions and the bottom of downward-flowing regions, where fluid flow 
reaches the boundary of the permeable fracture.  Fluid enters the fracture at opposite 
ends of these up-flow and down-flow zones.  Similar to the heat distribution in Figure 
3, the location of inflow and outflow zones in the fracture may be asymmetric.  Flow 
entering and exiting the fracture reaches up to 1.3∙104 m3 yr-1.  Streamlines show that 
this fluid is driven along wide, spiraling paths towards and away from the fracture.  
As fluid enters the fracture, it becomes entrained in the vigorous convection cell 
within it although it may exit again elsewhere.  Narrower convection cells in more 
permeable fracture models result in fluid leaving the fracture at the upper and lower 
termination while entering near its middle depth.  Fracture-matrix fluid exchange 
increases with fracture permeability, with flow into/out of the high-transmissivity 
fracture reaching 2.4∙104 m3 yr-1, double that of the low-transmissivity fracture.   
 
Induced host rock convection cells circulate fluid around an axis parallel to fracture 
strike in the more permeable fractures, i.e. the medium- and high-transmissivity cases.  
These form exclusively near the top of up-flow zones and at the bottom of down-flow 
zones, as indicated by the white arrows in Figure 4, with fluid flowing vertically and 
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perpendicular to the fracture plane. Because these zones are highly localized, they do 
not form continuous convection “rolls,” yet share a common axis of rotation.  Fluid 
flows in tight circles near the center of these cells, while the outer part of the cell 
forms long arcs, flowing further from the fracture, returning at mid-depths. 
 
 
4.3.2 Fracture convection in convecting host rock  
 
In Model 3 host rock permeability is increased to 10-13 m2 in the 1000-m thick 
fractured layer, raising the unit’s Rayleigh number to ~200 and allowing natural 
convection in this layer.  Other model properties are given in Table 1.  We focus on 
the high-transmissivity case (Tfr = 8.3∙10-11 m3). 
 
Convection within the fracture initiates before Rayleigh convection in the host rock, 
but fracture flow patterns are increasingly perturbed and eventually dominated by 
convection in the host rock as the simulation progresses.  Figure 5 shows 
temperature, inflow/outflow, and fracture convection patterns after 250 years of 
simulated time, when fracture convection has already been established.  By 1,500 
years, convection in the host rock has begun, altering the thermal field in the 
permeable layer and overprinting the convection patterns within the fracture (Figure 
5, middle column).  Here, the fracture partially acts as a focusing zone for through-
flow, hosting a single convection cell with a net downward flow of fluid. The thermal 
influence of host rock convection is much stronger than that of the fracture alone, 
creating large thermal perturbations throughout the permeable layer, independent of 
fracture position.  Convection within the fracture remains strong, however, as it 
focuses the fluid flow distorting the convection cells in the host rock.   
 
The exchange between fracture and host is increased to 1.5∙105 m3 yr-1, nearly an 
order of magnitude larger than those seen in the high-transmissivity case of Model 2 
(2.4∙104 m3 yr-1), due to the increase in host permeability.  Fluid flows into the top 
half of the fracture and back out to the host rock in the bottom half. 
 
 
5 Discussion 
 
5.1 Thermal effects of convection in a fracture 
 
Convective fluid circulation inside a fracture cools its bottom part, increasing and 
focusing heat flux from the host rock to the fracture via conduction.  This additional 
heat is then convected upwards by fluid within the fracture.  At the top of the fracture, 
temperature increases and drives additional heat flux into the host rock, again via 
conduction.  Figure 6 shows this behavior in two vertical cross-sections (parallel and 
perpendicular to the fracture plane) of a high-transmissivity fracture in Model 1 
(impermeable host) at 10,000 years.   
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The thermal effect of the fracture is analogous to a thin, vertical region of increased 
thermal conductivity. An effective thermal conductivity, Keff , can be calculated: 
 

 
𝐾𝑒𝑓𝑓 =

�𝑞𝑏𝑎𝑠𝑎𝑙′′ 𝐴𝑓𝑟𝑎𝑐 + 𝑞𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙�Δ𝑧
𝐴𝑓𝑟𝑎𝑐Δ𝑇

 , (7) 

 
where 𝑞𝑏𝑎𝑠𝑎𝑙′′  is the basal heat flux, Afrac is the cross sectional area of the fracture 
(horizontal length times thickness), qadditional is the additional heat flow due to fracture 
convection, Δz is the height of the fracture, and ΔT is the vertical temperature 
difference within the fracture. Convection within the fracture locally increases heat 
flux beyond the basal heat flow of 85 mW m-2, diminishing away from the fracture.  
 
Note that the Keff computed with this convention will be maximized in the case of a 
parallel plate fracture, as Afrac is minimized for an open conduit.  With the same 
transmissivity, a less permeable, gauge-filled fracture zone may have a much larger 
width, increasing Afrac.  The resulting Keff would be significantly smaller than the 
parallel plate fracture.  Table 4 shows the effective thermal conductivities obtained 
for the different parallel plate aperture values given in Table 1.  As aperture increases, 
temperature difference decreases while Keff increases. 
 
Figure 7 shows the additional heat flow due to fracture convection over time, 
measured at a plane 100 m above the fracture.  When convection initiates inside the 
fracture, the heat flow increases, then peaks, and subsequently decreases slowly as the 
fracture’s heat source depletes.  For a fracture transmissivity of 8.3∙10-8 m3, the largest 
fracture simulated here, the local heat flux above the fracture reaches a maximum of 
ca. 315 mW m-2 (ca. 4 times the background heat flux), while a 8.33∙10-11 m3 fracture 
(high-transmissivity case) increases heat flux up to ca. 215 mW m-2 (ca. 2.5 times the 
background heat flux).  Due to the diffusive propagation of the thermal perturbation, 
the maximum heat flux decreases further above the fracture. 
 
The conductive heat source at the bottom of the fracture is initially strong, as 
temperature gradients are steep. Progressive cooling of the rock over time reduces the 
thermal gradient and, accordingly, the heat supplied to the fracture fluid for 
convection.  For each unique fracture transmissivity, the maximum heat flux occurs at 
a different time, determined by the time it takes for convection to initiate and the 
development of the thermal perturbation in the host rock.  Notably, convection 
initiates well within the range of the “delayed neutral stability” regime defined by 
Murphy 1979.  
 
Figure 8 shows the additional heat flux as a function of fracture transmissivity.  
Again, the three regimes are present: no convection when transmissivity is below 
5.3∙10-12 m3, onset of convection with quickly increasing thermal effect up to 6.7∙10-10 
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m3 (equivalent to a 2-mm parallel plate aperture) and plateau of thermal effect above 
this, i.e. a maximum of possible heat flow focusing is reached. 
 
 
5.2  Importance of transmissivity in fracture convection patterns 
 
Previous studies [Murphy 1979] used a modified Rayleigh number to assess 
characteristics of convection in thin faults and fractures, replacing H with a in 
equation (6) to account for the importance of fracture aperture: 
 

 
𝑅𝑎∗ =

𝜌𝑓2𝑔𝛼𝑓𝑎2𝑘𝐺𝑐𝑝𝑓
𝜇𝑓𝐾𝑟

  , (7) 

 
Thus, the critical Rayleigh number varies with a2k for fracture convection.  Using this 
criterion, only extremely permeable fractures (parallel plate aperture over ca. 0.1 m, 
Tfr over ca. 10-4 m3) would develop convection.  However, Murphy [1979] and 
Tournier et al. [2000] also posit that the critical Rayleigh number for these systems 
decreases with time, allowing non-spontaneously convecting fractures to develop 
convection after an “incubation” period, which varies with (𝑎𝑘)2, or 𝑇𝑓𝑟2 .  Using a 
time-varying Rayleigh number to determine fracture convection behavior leads to 
ambiguous comparisons.  Additionally, the existence, incubation time, and thermal 
effect of this delayed fracture convection are not well correlated with the fracture 
Rayleigh number.  This is shown in Table 5 for the models presented in Table 2 and 
Figure 2.  The critical Rayleigh number calculated for these models using equation 
(7) varies by 4 orders of magnitude for each value of transmissivity, despite similar 
convection patterns and thermal effects.  
 
As Table 2 and Figure 2 together show, fracture transmissivity, the product of 
thickness and permeability, is the primary controlling factor in fracture convection 
patterns and resulting thermal perturbations.  For a given transmissivity, convection 
incubation time and additional heat flow are similar (Figure 2), as well as the 
resulting geothermal gradient through the fracture (Table 5).  This single parameter 
therefore appears to be a more appropriate metric, as it allows for useful comparisons 
between fractures of varying thickness, whereas critical Rayleigh number may vary 
by several orders of magnitude.   
 
 
5.3 Interaction between convection in a fracture and flow in the permeable host rock 
 
While an increase in permeability from an essentially impermeable 10-18 m2 to a 
moderately permeable 10-14 m2 host rock had only a moderate effect on the thermal 
perturbations, the increase in permeability from 10-14 m2 to 10-13 m2 significantly 
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affected fluid flow and thermal patterns in and around the fracture. This transition 
correlates with the critical Rayleigh number for porous medium convection. 
 
The moderately permeable host rock in Model 2 has a Raleigh number below the 
critical value and therefore does not spontaneously convect, but nonetheless facilitates 
secondary convection near the fracture.  Thermal perturbations created by 
spontaneous convection within the fracture induce lateral temperature variations in 
the host rock.  Host fluid is heated near hot up-flow zones in the fracture and is 
buoyantly driven upward; down-flow zones in the fracture cause host fluid to cool and 
sink.  Thus, secondary convection in the host rock mimics the patterns within the 
fracture, while fluid exchange with the fracture drives flow perpendicular to the 
fracture plane. The resulting host rock flow patterns are complex and depend on 
convection cell size within the fracture.  When fracture permeability is high, fluid 
may begin to circulate about an axis of rotation perpendicular to the convection cells 
within the fracture.  This secondary, subcritical convection is relatively weak and 
thermally insignificant, with Darcy velocities reaching 3.1∙10-9 m s-1 and quickly 
diminishing away from the fracture, having no effect on convection patterns within 
the fracture.  
 
Fluid exchange between fracture and host rock are shown to increase with fracture 
aperture and transmissivity. Because the fracture and permeable layer are confined by 
the impermeable rock units above and below, fluid entering the fracture flows back to 
this permeable layer, though at a different location. Thus our results are in agreement 
with the result from López and Smith [1995; 1996], despite their model permitting the 
discharge of fluid from the fracture to the surface, and show that a convecting fracture 
plays an important role in reservoir fluid circulation regardless of surface expression 
or hydraulic connection. 
 
When host rock permeability is increased in Model 3 and Rayleigh number exceeds 
the critical value, convection in the host rock becomes the dominant force in the 
system, with Darcy velocities reaching 2.6∙10-8 m s-1. Although convection within the 
fracture is initiated first, convection in the host dictates the flow patterns in the 
fracture, overprinting the fracture’s established patterns and thermal perturbation.  
Depending on the relative sizes of the fracture and convection cells, a fracture may 
serve as a unidirectional conduit for fluid flow or as a focal point for circulation.  
Using the models presented here, the fluid flow in the fracture tended to flow in a 
single convection cell. 
 
5.4 Relevance to natural systems and applications 
 
The thermal anomalies seen above the convecting fracture and the alteration of the 
geothermal gradient in and near the fracture appear similar to the patterns observed at 
Soultz-sous-Fore�ts, albeit with a weaker thermal perturbation than observed in the 
field, as only a single fracture is modeled here. Our results add another perspective to 

This article is protected by copyright. All rights reserved.



the understanding of thermal anomalies in the Rhine Graben, for which the exact 
generating mechanisms are a matter on ongoing debate [Guillou-Frottier et al. 2013; 
Bächler, Kohl, and Rybach 2003]. They indicate that further study is needed of 
convection patterns in large, realistic fracture/fault networks and the resultant thermal 
anomalies surrounding them. Such studies will aid in better defining the potential of 
geothermal exploration targets. Targets for Enhanced Geothermal Systems (EGS) are 
often in deep, fractured crystalline basement below the sedimentary cover and pre-
drilling assessment of their thermo-hydraulic properties has remained intrinsically 
difficult.  
 
Further work is needed to understand the thermal impact of different geometries, such 
as smaller, less extensive fractures or inclined fractures.  Additionally, convection 
patterns and strength may be significantly impacted by spatial and temporal 
transmissivity variations, such as fracture heterogeneity [López and Smith 1996], 
mechanical fracture creation/contraction/dilation (including thermo-mechanical and 
hydro-mechanical effects)[Barton, Bandis, and Bakhtar 1985], and chemical 
precipitation/dissolution [Berkowitz 2002; Taron and Elsworth 2009].  
 
Fluid convection in large fractures is a key process in the formation of hydrothermal 
vein-type deposits.  The shape of convection cells and fluid mixing have been 
considered major controls on the spatial variation of the ore grade of such veins.  For 
example, the interaction between convection in the fracture and its interaction with 
convection in permeable host rocks has been inferred from careful ore grade mapping 
at Topia, Durango, Mexico [Loucks and Petersen 1988]. Like López and Smith 
[1995], we’ve shown that convection promotes fluid mixing with the host rock.  
Additionally, our results provide the first – although still generic – simulation 
evidence that convection cell shape and size, as well as fracture transmissivity, 
control the location for such mixing.  
 
6 Conclusions 
 
Convection within a fracture or fault zone focuses the heat flow from the surrounding 
rocks and transports the heat upwards via convection.  The degree of this focusing is 
highly sensitive to transmissivity up to a certain value, above which the heat flux 
reaches a plateau determined by fracture geometry. In the simulations presented here, 
convection within the 2 x 1-km fracture added nearly 60 kW to the purely conductive 
heat flux and perturbed the temperature up to 500 m away. The strength of the 
thermal perturbations is primarily controlled by fracture geometry while their location 
is controlled by convection cell width: wide cells maximize perturbations at 
intermediate depth in the convecting layer; narrow cells maximize them at the top and 
bottom of the fracture.  
 
We show that flow patterns in the host rock surrounding the fracture are highly 
dependent on and linked with the up-flow and down-flow zones that develop within 
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the fracture. Fluid exchange between fracture and host rock are dependent on the 
arrangement and size of convection cells.  Large convection cells induce wave-like 
regions of flow into and out of the fracture, while narrow cells result in horizontal 
bands of inflow and outflow. Additionally, we have shown that secondary (lateral 
thermal gradient induced) convection cells can form in the host rock itself, with fluid 
circulating around an axis parallel to fracture strike. This subcritical convection in the 
host rock has little to no thermal impact or effect on convection patterns within the 
fracture. However, beyond a critical rock permeability, natural convection will 
dominate and overprint the flow patterns within the fracture. The fracture becomes a 
part of the overall convection pattern in the host, focusing flow and heat transport. 
Although we simulated a much simplified fracture geometry, our results indicate that 
simulations with explicitly represented fractures may provide key insights, explaining 
the links between field observations from geothermal and mineral deposits and the 
dynamics of buoyancy-driven fluid flow. 
 
We hope that the results and methods employed in this study may prove helpful in site 
selection of geothermal reservoirs, both for EGS in basement rock and within 
overlying conventional reservoirs.  The results aid in understanding of how natural 
convection may be exploited to mine heat more effectively from such systems in the 
future.  
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Table 1: Rock properties 

Region Φ 
ρr 

[kg m-3] 
cpr 

[J kg-1 K-1] 
Kr 

[W m-1 K-1] 
k 

[m2] 
Ra(a) 

Natural 
convection in 

host rock 
Top/Bottom 0.03 2650 800 2 10-18 ~2 ∙ 10-3 No 

Middle 
(Model 1) 

0.03 2650 800 2 10-18 ~2 ∙ 10-3 No 

Middle 
(Model 2) 

0.10 2650 800 2 10-14 ~2 ∙ 101 No 

Middle 
(Model 3) 

0.10 2650 800 2 10-13 ~2 ∙ 102 Yes 

Fracture 1.00 - - - variable variable Yes 
(a) Parameters values used in the calculation of Ra are g = 9.81 m s-2, αf  = 6.5 · 10-4 K-

1, cpf = 4.2 · 103 J K-1, μf = 3 · 10-4 Pa s-1. True values of fluid properties used in the 
simulations vary as a function of temperature and pressure, i.e., these values are 
approximations. 
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Table 2: Effect of varying fracture thickness with constant transmissivity 

Fracture 
Transmissivity 

(m3) 

Thickness 
 (m) 

Permeability  
(m2) 

ΔT(a) 
(°C) 

Max Darcy 
Velocity  

(m/s) 
2.9 ∙ 10-11 0.7 ∙ 10-3 4.1 ∙ 10-8 32.5 5.8 ∙ 10-3 
2.9 ∙ 10-11 1.0 2.9 ∙ 10-11 32.3 4.0 ∙ 10-6 
2.9 ∙ 10-11 3.0 9.5 ∙ 10-12 32.0 1.3 ∙ 10-6 
2.9 ∙ 10-11 10.0 2.9 ∙ 10-12 31.6 3.8 ∙ 10-7 
8.3 ∙ 10-11 1.0 ∙ 10-3 8.3 ∙ 10-8 22.5 8.1 ∙ 10-3 
8.3 ∙ 10-11 1.0 8.3 ∙ 10-11 22.0 7.8 ∙ 10-6 
8.3 ∙ 10-11 3.0 2.8 ∙ 10-11 22.2 2.5 ∙ 10-6 
8.3 ∙ 10-11 10.0 8.3 ∙ 10-12 22.4 8.1 ∙ 10-7 

 (a) ΔT is the temperature difference between the upper and low tip of the fracture.  
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Table 3: Effect of fracture aperture / transmissivity on convection. 

Fracture 
Transmissivity (m3) 

Parallel Plate 
Aperture 

(mm) 

Convection 
Type 

Number of 
Convection Cells 

ΔT(a) 
(°C) 

Max Darcy 
Velocity (m/s) 

0.0 0.0 None - 42.50 - 
2.3 ∙ 10-12 0.3 None - 42.39 8.7 ∙ 10-5 
5.3 ∙ 10-12 0.4 Steady 1 42.27 1.6 ∙ 10-4 
1.0 ∙ 10-11 0.5 Steady 1.5-2 40.71 1.4 ∙ 10-3 
2.9 ∙ 10-11 0.7 Steady 2.5-3.5 27.23 5.7 ∙ 10-3 
4.3 ∙ 10-11 0.8 Unsteady 3-4 23.42 6.9 ∙ 10-3 
8.3 ∙ 10-11 1.0 Unsteady 3.5-5 17.42 7.9 ∙ 10-3 
6.7 ∙ 10-10 2.0 Unsteady 3.5-5 4.72 1.2 ∙ 10-2 
1.0 ∙ 10-8 5.0 Unsteady 4-5 1.31 2.4 ∙ 10-2 

All results taken after 10,000 years of simulation time using identical mesh of Model 
1. (a) ΔT is the temperature difference between the upper and low tip of the fracture.  
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Table 4: Effective thermal conductivities for Model 1 (impermeable host) 

Fracture 
Transmissivity 

(m3) 

Fracture 
Aperture 

(mm) 

ΔT 
(°C) 

Parallel plate Keff  
[W m-1 K-1] 

1 m thick Keff  
[W m-1 K-1] 

 0.0 0.0 42.50 2.00 2.0 
2.3 ∙ 10-12 0.3 42.39 1.04 · 103 2.3 
5.3 ∙ 10-12 0.4 42.27 1.19 · 103 2.5 
1.0 ∙ 10-11 0.5 40.71 4.14 · 104 2.3 · 101 
2.9 ∙ 10-11 0.7 27.23 4.25 · 105 3.0 · 102 
4.3 ∙ 10-11 0.8 23.42 5.20 · 105 4.2 · 102 
8.3 ∙ 10-11 1.0 17.42 6.43 · 105 6.5 · 102 
6.7 ∙ 10-10 2.0 4.72 1.28 · 106 2.6 · 103 
1.0 ∙ 10-8 5.0 1.31 2.69 · 106 1.4 · 104 
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Table 5: Effect of varying fracture thickness with constant transmissivity 

Fracture 
Transmissivity 

(m3) 

Thickness
(m) 

Permeability 
(m2) ΔT (°C)(a) 𝑅𝑎𝑓𝑟𝑎𝑐∗ (b) 

2.9 ∙ 10-11 0.7 ∙ 10-3 4.1 ∙ 10-8 32.5 ~4 ∙ 10-5 
2.9 ∙ 10-11 1.0 2.9 ∙ 10-11 32.3 ~5 ∙ 10-2 
2.9 ∙ 10-11 3.0 9.5 ∙ 10-12 32.0 ~2 ∙ 10-1 
2.9 ∙ 10-11 10.0 2.9 ∙ 10-12 31.6 ~5 ∙ 10-1 
8.3 ∙ 10-11 1.0 ∙ 10-3 8.3 ∙ 10-8 22.5 ~1 ∙ 10-4 
8.3 ∙ 10-11 1.0 8.3 ∙ 10-11 22.0 ~1 ∙ 10-1 
8.3 ∙ 10-11 3.0 2.8 ∙ 10-11 22.2 ~4 ∙ 10-1 
8.3 ∙ 10-11 10.0 8.3 ∙ 10-12 22.4 ~1 ∙ 100 

(a) ΔT is the temperature difference between the upper and low tip of the fracture. 
(b) Parameter values given in Table 1. 
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Figure 1: Variation in additional heat flow through the fracture due to different 
meshes.  Ten realizations with roughly the same number of elements (ca. 1,000) 
are used to model convection in fractures with transmissivity of 2.9·10-11 m3 and 
8.3·10-11 m3. 
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Figure 2: Comparison between lower-dimensional open slot fractures and full-
dimensional filled fracture zones for two values of transmissivity. 
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Figure 3: Temperature perturbation due to fracture convection for low-, medium-, 
and high-transmissivity fractures (1.0∙10-11 m3, 2.9∙10-11 m3, and 8.3∙10-11 m3, 
respectively).  Blue indicates cooling and correspond to downward-flowing regions; 
red indicates heating and correspond to upward-flowing regions; contour lines and 
shades of blue/red each represent 2 °C change.  In 3-dimensional view, contour lines 
on bubbles at 100m depth intervals.  Snapshots taken at 15,000 years. 
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Figure 4: Flow into (red) and out of (gray/black) fracture from permeable host rock.  
Streamlines show complex, three-dimensional flow patterns near the fracture.  Arrows 
in the medium- and high-transmissivity fractures indicate non-Rayleigh convection 
cells. Snapshots taken at 15,000 years. 
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Figure 5: Fracture transmissivity is 8.3·10-11 m3 (high-transmissivity case) and host 
rock permeability is 10-13 m2; temperature contours drawn every 5 °C.  White arrows 
indicate upward flow; black arrows indicate downward flow.  Fracture convection 
develops within 250 years, but convection patterns are changed by host rock 
convection by 1,500 years.  After 10,000 years, convection patterns in the fracture are 
completely dominated by host rock convection patterns and temperature.  
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Figure 6: Interpretation of heat transfer processes around a fracture (Tfr = 8.3·10-11 
m3) in an impermeable host rock at 10,000 years. Temperature contours every 10 °C.  
Dashed arrows indicate conductive heat flow; white/black solid arrows indicate 
upward/downward convective flow. 
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Figure 7: Additional (convective) heat flux 100-m above the fracture due to fracture 
convection for various values of fracture transmissivity.  For the low-transmissivity 
case (lowest curve presented), convection takes over 10,000 years longer to initiate 
than for the most permeable cases; the peak heat-flow occurs after 10,000 years. 
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Figure 8: Additional heat flux from fracture convection as a function of fracture 
transmissivity.  Below 5.3∙10-12 m3, the thermal effect of fracture convection is 
negligible; between 5.3∙10-12 m3and 6.7∙10-12 m3, the thermal effect quickly increases; 
above 6.7∙10-12 m3 the effect plateaus. 
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