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Summary 

BERR (the UK Government Department for Business, Enterprise and Regulatory 

Reform) provided funding for Quintessa to participate in CO2GeoNet.  The relevant 

government department is now the Department of Energy and Climate Change 

(DECC).   

CO2GeoNet is the European Network of Excellence on geological storage of CO2, 

sponsored by the European Commission under the 6th Framework Programme, 

promoting research integration within the scientific community to help enable the 

implementation of CO2 geological storage. The long-term aim of the project in which 

Quintessa is participating is to enable stakeholders (e.g. regulators) to assess the long-

term potential risks of geological CO2 storage on subsurface, terrestrial and marine 

ecosystems.   

Quintessa staff have worked with the British Geological Survey, BGS, and other 

CO2GeoNet partners, principally the University of Rome, URS, to apply the QPAC-

CO2 system-level performance assessment code to the Latera site in Italy.  Developing 

models that can be applied to sites of naturally leaking CO2 helps to identify 

knowledge gaps and to define requirements for further studies and experiments; it is 

essential to understand the behaviour of the system as a whole and to assess the 

potential importance of different risks.   

Phase 1 of the work was associated with the CO2GeoNet programme on Ecosystem 

Responses to CO2 (JRAP4) and was reported in June 2007.  The main conclusions from 

that work were:  

1. The QPAC-CO2 code can be used to represent the key processes for the 

transport of CO2 in either geological storage or natural analogue sites and can 

be used as the basis for developing site-specific models. 

2. The system-level model for Latera is able to reproduce the most important 

features of the system, and more detailed comparisons with field observations 

should be possible when further model developments have been completed. 

The work undertaken under JRAP4 was based primarily on data that were available to 

the CO2GeoNet partners at the start of the programme.  The JRAP4 programme 

produced many data relevant to the Quintessa programme of work. 

The CO2GeoNet JRAP18 programme that followed on from JRAP4 is concerned with 

‘Monitoring Near Surface Leakage and its Impacts’.  Phase 2 of Quintessa’s work 
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programme began in November 2007, building on the progress made in the first phase 

of work by: 

� developing the model for the soil-plant part of the system;  

� modelling in more detail near-surface processes relevant to the Latera site; and 

� making more detailed comparisons between calculations and measurements for 

both a single vent and the pattern of multiple vents.  

This report is the final project report.     

The main conclusions drawn from the work described in this report are: 

� A single integrated systems-level model for the site has been produced using 

the QPAC-CO2 software. 

� The integrated model includes a representation of near-surface processes that 

affect CO2 transport and which are observed at the Latera site.  This modelling 

capability is novel, and should have widespread use in assessments for the 

geological storage of CO2.   

� The pattern of CO2 venting calculated by QPAC-CO2 is broadly consistent with 

field observations at the site. 

� Major improvements have been made to the model for the soil-plant part of the 

system so that seasonal variations and different crops can be investigated.   

� QPAC-CO2 calculations of soil gas concentrations and plant response are in 

good agreement with measurements at a single vent.  This provides support to 

the idea that observable changes in ecosystems could provide early warning of 

leakage to the surface. 

This project has provided a significant contribution to the development of the UK’s 

expertise in Carbon Capture and Storage (CCS) technology, in particular in systems 

modelling, which is an important requirement for the successful implementation of 

CCS.  The programme has also demonstrated the benefits of collaboration with UK and 

European partners with the CO2GeoNet programme. 
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1 Introduction 

BERR (the UK Government Department for Business, Enterprise and Regulatory 

Reform) provided funding for Quintessa to participate in CO2GeoNet.  The relevant 

government department is now the Department of Energy and Climate Change 

(DECC).   

CO2GeoNet is the European Network of Excellence on geological storage of CO2, 

sponsored by the European Commission under the 6th Framework Programme, 

promoting research integration within the scientific community to help enable the 

implementation of CO2 geological storage.   13 research institutes from 7 European 

countries are involved in CO2GeoNet; it has a high international profile and provides a 

focus for CO2 geological storage research. The long-term aim of the project is to enable 

stakeholders (e.g. regulators) to assess the long-term potential risks of geological CO2 

storage on subsurface, terrestrial and marine ecosystems.   

Quintessa staff have worked with the British Geological Survey, BGS, and other 

CO2GeoNet partners, principally the University of Rome, URS, to apply the QPAC-

CO2 system-level performance assessment code to the Latera site in Italy.  Developing 

models that can be applied to sites of naturally leaking CO2 helps to identify 

knowledge gaps and to define requirements for further studies and experiments; it is 

essential to understand the behaviour of the system as a whole and to assess the 

potential importance of different risks.   

Phase 1 of the work was associated with the CO2GeoNet programme on Ecosystem 

Responses to CO2 (JRAP4) and was reported in June 2007 (West, 2007a, 2007b and 

Maul et al., 2007).   

The main conclusions from that work were:  

1. The QPAC-CO2 code can be used to represent the key processes for the 

transport of CO2 in either geological storage or natural analogue sites and can 

be used as the basis for developing site-specific models. 

2. The system-level model for Latera is able to reproduce the most important 

features of the system, and more detailed comparisons with field observations 

should be possible when further model developments have been completed. 

Maul et al. (2007) includes information on systems-level modelling, the QPAC-CO2 

code, and a detailed description of the Latera site.  This information is not repeated in 

this report.     
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The work undertaken under JRAP4 was based primarily on data that were available to 

the CO2GeoNet partners at the start of the programme.  The JRAP4 programme 

produced many data relevant to the Quintessa programme of work. 

The CO2GeoNet JRAP18 programme that followed on from JRAP4 is concerned with 

‘Monitoring Near Surface Leakage and its Impacts’.  Phase 2 of Quintessa’s work 

programme began in November 2007, building on the progress made in the first phase 

of work by:  

� developing the model for the soil-plant part of the system;  

� modelling in more detail near-surface processes relevant to the Latera site; and 

� making more detailed comparisons between calculations and measurements for 

both a single vent and the pattern of multiple vents.  

This report is the final project report.  For convenience some material produced in 

earlier phases of the project are reproduced here. 

The report is structured as follows: 

Section 2 gives a an overview of the systems-level model; 

Section 3 describes the modelling of near-surface processes; 

Section 4 summarises the modelling of the soil-plant part of the system; 

In Section Error! Reference source not found. model comparisons are made between 

calculated and measured patterns of venting at Latera and between model calculations 

and measurements at a single vent; and, finally, 

Section 6 summarises the overall conclusions from the project. 
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2  Overview of the Systems-Level Model 

2.1 Conceptual Model 

A conceptual model for CO2 transport at the Latera site has been produced (Figure 2-1), 

based on information on the site supplied by staff from the University of Rome (URS) 

which has been involved in studying the area for more than 20 years.  This is consistent 

with the discussion in Annunziatellis et al. (2008). 

CO2 migration pathways are restricted at depth (the ‘Deep Zone’) to relatively narrow 

vertical zones (referred to here as ‘pipes’ or ‘chimneys’) probably associated with faults 

and/or intersections of faults.  ‘Channelling’ will occur along the pathway of highest 

permeability, so that the ‘pipes’ will not necessarily be straight, but are likely to weave 

in two or three dimensions within the fault.   

Above these faults, a near-surface zone represents the heterogeneous layers of 

alluvium and various volcanic products.  The heterogeneity of these units is assumed 

to cause one or multiple minor pathways associated with each major ‘pipe’.  

2.2 Model Sub-Systems 

Figure 2-2 illustrates the three model subsystems. 

The deep geosphere part of the system is modelled very simply, with a specified CO2 

production rate at depth a transport vertically to the near-surface environment through 

one or more stochastically generated ‘pipes’, each representing an open fault 

intersection in the bedrock each connected to the common carbonate ‘reservoir’ of CO2. 

The near-surface processes subsystem represents processes that are relevant to the 

transport of CO2 immediately below the water table and between the water table and 

the surface.  The models employed are described in Section 3. 

The model for the soil-plant part of the system is summarised in Section 4, with full 

details being given in Limer et al. (2008).  
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Figure 2-1: The Conceptual Model for Carbon Dioxide Transport at Latera 

 

 

Figure 2-2: Model Subsystems 

Multiphase Flow Model

Near surface

Deep Geosphere

Soil-Plant 

Model

Near-Surface 

Processes Model

 

 

 



QRS-1320B-3 version 1.0  

5 

3 The Near-Surface Processes Model 

In Phase 1, a single model was used to represent multi-phase fluid flow (MPF); this is 

henceforth referred to as the reference MPF model and is documented in Suckling and 

Benbow (2007).  In Phase 2 (Maul et al., 2008b), a separate near-surface processes model 

was developed that includes additional processes that cannot be readily represented in 

the reference MPF model.  One process that is believed to occur at Latera is CO2 

‘ponding’ above the water table due to the density difference with air.   

The modelling of near-surface processes is summarised in this section.  In Section 3.1 a 

brief discussion is given of the conceptual model that underpins standard multi-phase 

flow relationships and the limitations that it imposes. In Section 3.2 the key features of 

the near-surface processes modelling are discussed.  Illustrative ‘stand alone’ 

calculations of the model are given in Maul et al. (2008a). 

3.1 Representation of Multiple Fluids 

The standard approach to representing multiple fluids is fundamentally based on 

Darcy's law.  Here, each fluid has a relative saturation (the sum of all the saturations 

being 1) and pressures in the different fluids are related to one another through 

capillary pressures (which themselves are functions of fluid saturations). Effective 

permeabilities are defined according to the expected interference with the other fluids 

present; these are normally described in terms of a relative permeability which can take 

a value of zero to one and scales the intrinsic permeability of the porous medium. 

The representation of multiple fluids in a given volume (particularly the way relative 

permeability is handled) for a porous medium pre-supposes a specific conceptual 

model for the disposition of those fluids at the scale of the spatial discretisation.  This is 

especially important for systems level analysis where there is a general desire to use 

coarse grids for large, complex systems. 

The 'classic' multi-phase flow relationships used in the current version of QPAC-CO2 

effectively assume a well-mixed disposition of fluids.  This means that the degree of 

interference in a model compartment is homogeneous and by implication, that the 

relative permeability for that compartment is isotropic. This approach is best applied 

where the saturation changes over length scales that are large in comparison with the 

grid size and where a good representation of interference issues at the small scale is 

required, although such an approach has been used at larger scales. 

An alternative conceptual model is that used for large-scale groundwater flow 

modelling, where the fluids are assumed to be poorly mixed and the separation 
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between the two fluids can be characterised by a distinct 'free-surface' or interface.  

This conceptual model is typically used where the grid size is large in comparison with 

the length scale over which the saturation changes and where capillary effects are felt 

to be of secondary importance.  The model is illustrated in Figure 3-1, where S 

represents the degree of saturation and the kr are relative permeabilities. 

Figure 3-1: A Free Surface Model with Two Fluids 

1-Swater

Swater

kr,air = 1

kr,air = 1 - Swater

kr,water = Swater

kr,water = 1

Water

Air

 

In near-surface hydrogeological applications, the orientation of the free-surface is 

usually assumed to be sub-horizontal with the less-dense fluid sitting above the denser 

fluid.  Pressure balancing across the free-surface can be used, but it is often assumed 

that the less-dense fluid (usually air) is passive with respect to the water (i.e. it is 

assumed that the less dense fluid is taken to be infinitely mobile, that it is always at a 

constant pressure, and that the migration of this fluid does not need to be modelled 

explicitly) and hence only pressures in the water need to be calculated.  Such a 

conceptual model can be extended to consider additional fluids of different densities 

creating a 'Layer Cake' type model, as illustrated in Figure 3-2.  This is the type of 

conceptual model one would expect to see for near-surface type geometries, for 

example the observed pooling of CO2 at the water-table at Latera.  It should be noted 

that for a sufficiently fine grid, this system could be represented using the standard 

multi-phase flow model, with most compartments containing a single fluid. 
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Figure 3-2: ’Layer Cake’ Model for Near-Surface MPF 

1 - Swater

- SCO2

Swater

kr,air = 1

kr,air = 1 – Swater – SCO2

kr,water = Swater

kr,water = 1

Water

Air

SCO2 CO2 kr,CO2 = SCO2

kr,CO2 >> 1
 

For the free-surface configuration the concept of relative permeability still applies, but 

the relative permeability is highly anisotropic. In this instance the relative permeability 

associated with horizontal movement is simply the saturation of the fluid in the 

compartment.  Vertical flows of one fluid through that same fluid have a relative 

permeability of 1, while relative permeabilities of one fluid through another fluid can 

vary depending on various conceptual assumptions.  For this model it is assumed that 

CO2 when migrating vertically through water does so extremely rapidly, hence the 

relative permeability of CO2 transport through water is artificially enhanced by having 

a value greater than one (a factor of ten was used in this modelling work). 

Clearly, the standard free-surface model is severely restricted under circumstances 

where lateral injection of fluids occurs, producing sub-vertical free-surfaces. However 

for the near-surface situation a free surface would be expected to be dominantly sub-

horizontal. 

For QPAC-CO2, the fundamental issues involved in selecting the most appropriate 

model to use are therefore the conceptual model and the desired spatial resolution with 

obvious trade-offs for run-time. 

There are therefore three general classes of MPF models for two or more fluids: 

� the fluids are well mixed at the scale of the spatial discretisation; 

� the fluids are stratified sub-horizontally over a relatively coarse grid; or 
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� a free surface is present at an arbitrary orientation. 

In all three cases the fundamental physics are the same; fluid flows are driven by 

pressure gradients (or head potential) and saturations are constrained to sum to one.  

The over-riding differences are in the treatment of relative permeabilities and the 

degree to which one fluid can be considered passive with respect to another. 

Here it is the second type of MPF model that has been implemented in QPAC-CO2 for 

near-surface processes.  The following section describes the near-surface processes 

model. 

3.2 Model Description 

3.2.1 Fundamental Relationships 

Active flow of two fluids is considered - CO2 and water.  Air is assumed to be passive 

with respect to CO2 and water, and CO2 is passive with respect to water.  The model 

uses the conventional hydrogeological approach and uses hydraulic head as the 

potential field driving flow of the fluid.  It is assumed that the CO2 fluids experience 

very little change in pressure, hence the fluid can be assumed not to change density 

significantly and as such, the CO2 can be assumed to be incompressible.  As is standard 

for near-surface hydrogeological applications, liquid water is also assumed to be 

incompressible. 

The basic equation for Darcy flow for each active fluid in a porous medium is: 

iKA= −∆  3.1 

where ∆ is the volumetric discharge (m3 s-1) over an area A (m2) for a hydraulic head 

gradient i (-)with effective hydraulic conductivity K (m s-1).  This volumetric flow rate 

is calculated for water and CO2, while air is assumed to be passive. 

The hydraulic conductivity is derived from the intrinsic permeability: 

µ

ρg
kk=K r  

3.2 

where kr is the relative permeability (-), k is the intrinsic permeability (m2), ρ is the 

density of the mobile fluid (kg m-3), µ is the kinematic viscosity of the fluid (Pa s) and g 

is the acceleration due to gravity (m2 s-1). As already discussed, for the layered model kr 

is dependent on the orientation of flow relative to the fluid interfaces, but in the 

horizontal direction the relative permeability of a fluid is simply equal to the saturation 
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of that fluid in the compartment.  It also follows that the volume of any given fluid in a 

compartment is simply the product of the compartment volume, the fluid saturation 

and the porous medium porosity.  The intrinsic permeability of the porous medium 

gives rise to a different hydraulic conductivity for the different fluids, dependent on 

the fluid density and fluid kinematic viscosity. 

The more complex aspect of the layered model is defining, and implementing 

numerically, the equations defining the saturation of fluids under different head 

conditions (effectively the coupling between fluids).  For the conceptual model 

discussed above with CO2 passive with respect to water and air passive with respect to 

both water and CO2, the following definitions of saturation for water and CO2 can be 

derived: 

For water, neglecting vertical flow: 

refbasew HzH=h −−  3.3 

where hw is the depth of water in a compartment (m), zbase is the elevation of the base of 

the compartment (m), H is the head of water in the compartment (m) and Href is a 

reference head of water (m) then: 

c

w

r

rr

w

h

h
u

<u<S

u

Su

u

S

=S

=

≥
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3.4 

where Sw is the saturation of water, Sr is the residual saturation of water and hc is the 

depth of the compartment. 

For CO2 the number of possible relative locations of the water/CO2 and CO2/air 

interfaces makes the definition of the saturation of CO2 more complex.  For brevity, the 

logic implemented in the model is not expounded here, but conceptually it is identical 

to that already discussed for water.  The only difference between the water 

implementation of saturation and that for CO2 is that for compartments with a surface 

seepage condition, the CO2 heads in the compartment are allowed to exceed the top of 

the compartment because vertical flow clearly is extremely important.  This means that 

CO2 saturations in these compartments can be too high (i.e. sums of water and CO2 

saturations are greater than one), but this is taken as a simple way of representing 

pressurisation of CO2 in the sub-surface under extreme fluxes and to achieve numerical 

stability.   



 

10 

Additional relationships need to be considered for other key physical processes 

expected to occur in the near-surface.  These are: 

� dissolution of CO2 in water;  

� indicative pH change in groundwater due to the presence of dissolved CO2; and 

� diffusion/dispersion of CO2 into air. 

The dissolution of CO2 can be handled in an identical manner to that already 

documented for the reference MPF model and so requires no further discussion, save 

noting that the pressures of fluids are all assumed to be atmospheric and that the 

effective dissolution timescale can be calculated assuming simple diffusion of CO2 into 

groundwater across a planar surface (the water table). 

The change in acidity of groundwater due to the dissolution of CO2 is a process that 

has been identified of being potential concern, mainly due to the potential mobilisation 

of heavy metals, with consequent impacts for groundwater quality.  Because of a lack 

of detailed information on groundwater geochemistry and near-surface geology a very 

simple model has been adopted in order to provide an indicative pH under different 

levels of dissolved CO2.  In this case a simple reaction of molar activities of CO2 (aq) and 

HCO3
-  was constructed and an equilibrium coefficient determined using Geochemists’ 

Workbench at different temperatures (Wilson, personal communication 2008): 

CO2(aq)  + H2O  = H+  + HCO3
- 3.5 

log K = - log a[CO2(aq)] - log a[H2O] + log a[H+] + log a[HCO3
-] 3.6 

where log K takes the following values for temperature (T) in C: 

log K = -6.575 + 0.01197  T - 0.0001362 T2 + 4.129e-7 T3 - 5.48e-10 T4. 3.7 

Rearranging equation 3.6 and assuming unit activity of water, one can solve for the log 

activity of H+ ions, the negative of which is the definition of pH.  Thus a simple 

indication of pH can be established which is only dependent on the dissolved amount 

of CO2 and some assumed background bicarbonate concentration.  Implicit in this 

approach is that there are no minerals significantly buffering the reaction, particularly 

calcium carbonate.  Given the volcanic (and hence acidic) source of the overburden 

material and shallow sub-surface geology, this is considered to be a reasonable 

assumption.  

The diffusion/dispersion of the CO2 into air can be represented using the standard 

diffusion relationships in conjunction with a convenient dispersive formulation used to 
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describe contaminant plume evolution in porous media.  This provides a 

diffusion/dispersion relationship that tends to increase the diffusive/dispersive flux of 

CO2 where there is rapid horizontal flow of CO2 and hence increased mixing between 

the CO2 and air. 

The hydrodynamic dispersion component of the diffusion/dispersion flux can be 

represented through an additional effective diffusion coefficient in the direction of the 

dominant advective CO2 movement, vertically.  This additional effective diffusion 

coefficient can be calculated using a standard scale-independent dispersion model 

where: 

vdα=D  3.8 

where D (m2 s-1) is here the effective diffusion coefficient,  d is a representative mixing 

length, and v is the mean flow velocity (m s-1).  d is usually taken to be the length of the 

flow path (in this case best represented by the height of the compartment), and  α is a 

dimensionless factor.   

Thus, two diffusion-like processes are represented: one using the molecular diffusion 

coefficient of CO2 in air and one using an effective dispersion coefficient.  For 

simplicity, these processes are only considered to operate vertically into water 

unsaturated compartments or across model seepage boundaries (see below). 

3.2.2 Boundary Conditions 

In addition to the standard Neumann (fixed flux) and Dirichlet (fixed quantity) 

boundary conditions a ‘Seepage’ boundary condition is included in the model.  This is 

used at the top of the near-surface process model to represent the advective fluxes of 

CO2.  This boundary is implemented as a Dirichlet condition that only applies under 

discharge conditions. 

For Latera, this additional boundary type is important as it represents the advective 

flux of CO2 to the surface when the inflow of CO2 from depth is too high to be carried 

away horizontally.  This is effectively the situation that has been observed at the vent 

locations (see Figure 3-3 and Figure 3-4). 
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Figure 3-3: Near-Surface Processes Model with ‘Weak’ CO2 Upflow 
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Figure 3-4: Near-Surface Processes Model with ‘Strong’ CO2 Upflow 
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4 The Soil-Plant Subsystem 

In this section a summary is given of the modelling of the soil-plant system.  Full 

details are given in Limer et al. (2008). 

The model structure is shown in Figure 4-1, with the system being broken down into a 

number of locations; the parts of the plant and the solid parts of the soil can be 

considered to be conventional compartments, but the gaseous and liquid parts of the 

system are not necessarily modelled this way.  Here arrows represent the direction of 

carbon transport and double-headed arrows represent bi-directional exchanges.  

The model has been implemented in ‘stand alone’ form and can be replicated in 

different locations in the integrated model. 

Figure 4-1: Model Structure 

 

It is useful to consider the standing biomass to be composed of the following plant 

parts: root, stem, foliage and grain/fruit. The standing biomass may degrade to either 

Labile or Recalcitrant Material in soil.  These compartments comprise both fresh litter 

and also soil organic matter (SOM). Both these compartments degrade by the same 

pathways, but at different rates, to generate CO2 in the rooting zone.  In addition, some 

of the labile material will degrade to more recalcitrant material. Soil biota, in particular 
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microbes, will play a role in mediating the rates of SOM decomposition. The activity of 

the microbes is moderated by abiotic factors such as soil moisture and temperature. 

Therefore, rather than consider microbes explicitly in the model, the decomposition 

rates of the labile and recalcitrant SOM are considered to be temperature dependent.  

CO2 in Soil Solution exchanges with the Soil Atmosphere (SA); the exchange is 

sufficiently rapid that the CO2 will generally be in equilibrium between these two parts 

of the system.  

A differentiation is made between the sub-canopy part of the plant (mainly stem) and 

the canopy (mainly leaves). CO2 in the canopy atmosphere is available for uptake by 

plants and incorporation in tissues through photosynthesis.  The net effect of 

photosynthesis and respiration is represented in terms of plant growth, so that diurnal 

variations in the transfer of CO2 between the canopy atmosphere and the plant are not 

explicitly represented. 

Any flux of CO2 from the geosphere is represented as a source term to the soil. It is this 

flux which comes from the near-surface processes model in the integrated systems 

model. 

Although the model is initially derived for a single species, in some circumstances it is 

possible to consider two species in the same location.   For Latera permanent pasture is 

taken to consist of a mixture of grass and clover.     
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5  Comparisons between Model Calculations 

and Field Data 

In this section the field data on the distribution of vents is discussed in Section 5.1 and 

this is followed in Section 5.2 by a comparison with calculations undertaken using the 

integrated systems-level model. In Section 5.3 calculated impacts for as single vent are 

considered. 

5.1 Field Data on Vent Distributions 

Recently collated data on observed vent sizes and spatial distribution (Bateson et al., 

2008) provides a valuable insight into the distribution of near-surface CO2 venting. 

The areal distribution of venting for the study area is shown in Figure 5-1. The 

definitions of what constitutes a ‘vent’ had previously been established by URS and 

hence the shapes shown are internally consistent.  This data was digitised by the BGS 

and the subsequent digital data given a preliminary analysis to inform the continuing 

development of the multi-vent model.  The area of investigation contained twenty 

identified vents (by a variety of methods), the key details of which are tabulated in 

Table 5-1 and Table 5-2. 

The data highlight that the vents are relatively well constrained in size falling in a 

range from 10 to 80 m, but on average being of the order of 35 m.  The mean distance to 

the nearest neighbour is of the order of 75 m, i.e. about twice the mean vent size.  The 

variability of the nearest neighbour distance is quite large, reinforcing the general 

observation from Figure 5-1 that the vents are somewhat clustered but that even within 

clusters the spacing is quite variable.  This clustering is considered to reflect the 

underlying fault geometries and channelling of CO2 at fault intersections. 

A simple spatial correlation analysis was also conducted, examining the variability of 

relative separations between vents.  Figure 5-2 shows the number of measured 

distances between vents for each distance interval while Figure 5-3 shows the 

cumulative number of measurements across each distance interval range.  The results 

show that, as a whole across the area of interest, the degree of clustering is moderate, 

with the number of observed separations across each distance range showing quite a 

weak downward trend (presumably from edge effects of the sample area) but a 

significant degree of variability about the trend. 
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Figure 5-1: Vents Digitised in the Latera Study Area. Vents are coloured by id 
number (Red to Purple) 

 

N 

500 m 
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Table 5-1.  Summary Data from Vent Digitisation 

Vent 
No. 

Mean distance 
from Vent to 
others (m) 

Distance 
to nearest 
neighbour 
(m) 

Length of 
maximum 
axis (m) 

Datasets used to 
identify vent 

Area 
(m2) 

Perimeter 
(m) 

0 685.35 154.60 32.24 ap, 
BNDVI,ONDVI 

598.32 96.17 

1 614.31 54.84 52.58 BNDVI, Thermal 778.69 163.68 

2 795.94 167.31 69.14 BNDVI, Thermal 1898.78 195.54 

3 908.89 167.31 67.35 BNDVI, Thermal 1376.45 211.63 

4 1349.83 163.89 54.57 BNDVI 1394.61 174.28 

5 1378.47 27.32 32.14 Thermal 370.87 83.85 

6 1398.79 27.32 25.16 Thermal 267.71 67.36 

7 939.60 79.85 21.71 BNDVI 207.10 61.86 

8 925.36 27.99 26.06 BNDVI, thermal 202.70 75.09 

9 930.41 27.99 14.94 BNDVI, Thermal 67.28 39.02 

10 817.35 352.30 79.50 BNDVI 1957.90 294.48 

11 773.27 40.57 22.48 BNDVI 205.65 59.24 

12 840.82 40.57 32.38 BNDVI 278.29 97.52 

13 758.74 14.99 33.93 BNDVI, Thermal 220.06 77.40 

14 749.19 14.99 21.16 BNDVI 107.74 49.27 

15 729.19 60.42 37.96 BNDVI 379.59 106.82 

16 597.85 15.74 25.03 BNDVI 219.48 61.41 

17 598.70 15.74 12.78 BNDVI 66.68 32.84 

18 569.66 18.33 10.53 BNDVI 59.48 29.02 

19 568.37 21.42 23.36 BNDVI 183.81 58.29 

Table 5-2.  Statistical Summary Data from Vent Digitisation 

 Mean distance 
from Vent to 
others (m) 

Distance to 
nearest 
neighbour (m) 

Length of 
maximum 
axis (m) 

Area (m2) Perimeter 
(m) 

Mean 846.50 74.67953 34.75 542.06 101.74 

Standard 
Deviation 

257.93 85.98159 19.66 610.33 70.20 

Median 784.61 34.28716 29.10 243.88 76.24 

Max 1398.79 352.3064 79.50 1957.90 294.48 

Min 568.37 14.99419 10.53 59.48 29.02 
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Figure 5-2: Plot of Number of Measurements with Separation Distance for 100 m 
Interval Bins (a linear trend line is shown in red) 

y = -0.0083x + 27.505

R2 = 0.2111

0

5

10

15

20

25

30

35

40

45

0 500 1000 1500 2000 2500

Distance (m)

N
u

m
b

er

 

Figure 5-3: Plot of Cumulative Number of Measurements with Separation Distance 
using 100 m Interval Bins (a linear trend line through the origin is in red) 

0

50

100

150

200

250

300

350

400

450

0 500 1000 1500 2000 2500

Distance (m)

C
u

m
u

la
ti

ve
 N

u
m

b
er

 

 



QRS-1320B-3 version 1.0  

19 

5.2 System-Scale Transport and Impacts Modelling 

The modelling approach taken was to construct an initial base case with default 

parameterisation, confirm the results are plausible and then conduct a series of 

sensitivity analyses to understand the possible variation in observed impacts with 

different input parameters.  From this set of results it is possible to define a set of 

inputs that best reflect the present Latera situation and provide confidence that the 

system-level model produces realistic results under a range of plausible inputs. 

The following section provides a description of the basic model, followed by a 

discussion of the base case parameterisation and the various sensitivity analyses. 

5.2.1 Model Description 

As previously described, the full system-scale model consists of two distinct sub-

systems (deep and near-surface) and three models (deep CO2 transport, near-surface 

CO2 transport and the soil-plant model).  A system overview is shown in Figure 5-4. 

Figure 5-4 Overview of the System-Level Model 
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The model considers a plan area of 1 km by 1 km with the deep section extending to 

500 m below the surface and the near-surface zone being 20 m thick.  

The near-surface model domain is illustrated in Figure 5-5.  A 50 m grid size was 

chosen as this was felt (on the basis of the available vent distribution data discussed in 

the previous section) to be a reasonable scale over which to represent venting areas and 

the intervals between venting areas.  The smallest grid one would want to adopt on the 

basis of this data would be 10 m, as this is the smallest observed significant vent. 

Figure 5-5: Schematic Illustration of the Near-Surface Modelling Domain for the 2D 
Areal CO2 Transport Calculations 
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Stochastic variation of hydraulic conductivity across the grid was enabled through an 

externally generated grid input.  This input was generated by using a simple Gaussian 

distribution with a 2D covariance model.  In this case, an exponential covariance model 

was used with 1θ  and 2θ  with values of 0.3 and 0.8 respectively in order to give some 

reasonable variation and clustering across the scale of the model.  The lack of 

geostatistical data on the immediate sub-surface meant that it was difficult to establish 

a variation that was physically based for this site.  The variance expression is given by: 
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Here l is the normalised separation of two points and rθ is the covariance function.  The 

selection of this particular model is largely arbitrary at this stage, but this particular 

model as applied across a 20 x 20 grid gave a distribution of values that were 

sufficiently patchy to be similar to the distribution of vents observed at Latera.  The 

generated distribution was then normalised and scaled such that the mean held a value 

of 0.5 and calculated values ranged from ε to 1, where ε is a small number. 

The model was configured such that the degree of stochastic sampling could be 

selected so a range of runs could be conducted with differing degrees of hydraulic 

conductivity variation from homogenous (effectively 0.5 everywhere from the 

heterogeneity field) to fully respecting the heterogeneity field over one order of 

magnitude variation from the mean specified hydraulic conductivity.  The generated 

field is shown in Figure 5-6. 

Figure 5-6: The Hydraulic Conductivity Field 

 

 

The lateral CO2 boundaries (located on the same boundaries as the fixed groundwater 

heads) were set to a generalised head condition, where the CO2 Darcy flux f across the 

boundary is equal to: 
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Here hb is the CO2 head on the boundary, hbc is the boundary condition CO2 head, dbc is 

a representative distance, K is the CO2 hydraulic conductivity and SCO2 is the saturation 

of CO2 at the boundary.  This allows CO2 to leak across the boundary without forcing a 

strong control on CO2 saturation along the boundary.  As in the groundwater flow 

model, the top boundary is a seepage condition and the remaining lateral boundaries 

are no-flow. 

CO2 from depth reaches the near-surface model from the deep model.  The deep model 

consists of a grid of 2D ‘pipes’ stretching from -500 m to 0 m elevation, to meet with the 

base of the near-surface model, each of which having the potential to represent a fault 

intersection and hence a major transport pathway of CO2.  Every compartment in the 

near-surface model has one corresponding pipe in the deep model.  Each ‘pipe’ then 

connects with a single common ‘reservoir’ compartment.  It is this reservoir 

compartment where the over CO2 input flux for the area is applied to migrate up the 

pipes.  The basic structure of the deep model is shown in Figure 5-7. 

Figure 5-7  Structure of the Deep Model  
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In order to represent the heterogeneous nature of these potential pipe sources from 

depth, the hydraulic conductivity of each pipe is controlled through a stochastic 

sampling parameter.  In this case a property ξ is created which samples a uniform 

distribution from 0 to 1 for each pipe. If ξ is greater than one minus the case-specific 

‘PipeLikelihood’ property, then that pipe is given an enhanced permeability, 

effectively marking that pipe as being ‘active’, proportional to the margin by which ξ 

exceeded the likelihood criterion.  This creates heterogeneity in the pipes that can 

sustain flow and hence variation in flux rates amongst active pipes.  Non-active ‘pipes’ 

are assigned a low permeability, effectively ensuring no CO2 breakthrough through 

this local pathway.   

Hence the permeability of each pipe is given by: 
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5.4 

where β is the likelihood of an individual pipe sustaining significant CO2 flux to the 

surface. 

‘Impacts’ from CO2 discharge from depth were addressed in two ways.  The primary 

method was through the inclusion of the soil-plant model.  Because the time-scales of 

the system-level model are naturally of the order of years to tens of years it makes little 

sense to attempt to model the details of the annual variation of plant growth.  Hence, 

for this model, the ‘annual’ averaging option was specified for the system-level model 

which provides an estimate of plant growth over an annual cycle.  This approach also 

significantly reduces calculation run-times.  A key assumption in parameterising the 

soil-plant model is to define the effective area over which CO2 flux, and hence plant 

interaction, occurs in a grid cell.  The field observation is that fluxes tend to be highly 

focussed, caused by local-scale heterogeneity in addition to the deep pipe pathways, as 

one might reasonably expect a single deep vent to cause multiple surface expressions 

of plant damage.  Therefore the effective area over which CO2 fluxes occur in cells can 

be specified, allowing this key sensitivity of the model to be explored. 

The second key area of impact is in potential changes to the groundwater chemistry 

due to the dissolution of excess CO2. 

It is therefore possible to draw up a list of simple metrics that can be used to compare 

runs of the system-level model with the Latera data (where available) and for the 

purposes of cross-comparison.  The following key outputs were adopted that could be 

tracked with time: 
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1. Number of active deep vents (‘pipes’). 

2. Number of near-surface compartments showing plant damage. 

3. Number of near-surface compartments where CO2 enters the plant system via 

seepage (rather than diffusion), i.e. where there is some form of surface venting. 

4. Mean Deep Vent Flux (kg CO2 m-2 day-1). 

5. Maximum Deep Vent Flux (kg CO2 m-2 day-1). 

6. Mean Surface Vent Flux (kg CO2 m-2 day-1). 

7. Maximum Surface Vent Flux (kg CO2 m-2 day-1). 

8. Mean ratio of total plant biomass to starting (equilibrium) biomass across the 

whole compartment. 

9. Maximum ratio of total plant biomass to starting (equilibrium) biomass across 

the whole compartment. 

10. Minimum ratio of total plant biomass to starting (equilibrium) biomass across 

the whole compartment. 

11. Change in mean near-surface groundwater pH from starting conditions. 

5.2.2  The Base Case 

Table 5-3 summarises the main input parameters to the base case. The details of the 

soil-plant model are given in Limer et al. (2008), hence only changes from the reference 

parameter values given there are discussed here. A selection of model output is given 

over the following pages. 

The CO2 fluxes to the base of the near-surface model and the resultant inputs of carbon 

to the plant model are shown in Figure 5-8 and Figure 5-9 respectively.  In Figure 5-9 

halos can be seen around the cells with deep pipe input showing less active subsidiary 

vents clustering around the main vent.  These fluxes tend to equilibrium at around 300 

years, as shown in Figure 5-10.  The case was run out to 5000 years where the system 

has reached equilibrium. 
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Table 5-3 Parameterisation for the Base Case.   

Parameter Units Value Model Comments 

Input CO2 flux kg m-2 d-1 8.0e-4 Deep Derived from estimates of 
total areal flux over Latera 
region (Maul et al., 2007) 

Likelihood of 
deep pipe being 
‘active’ 

- 0.025 Deep Based on venting observed 
venting frequency assuming 
each surface vent is 
associated with one deep 
vent (Section 5.1) 

Surface Vent and 
Deep Pipe 
Radius 

m 10 Deep Based on surface venting 
observations (Section 5.1) 

Residual (non 
active) pipe 
permeability 

m2 1.0e-16 Deep Assumed value 

Maximum active 
pipe 
permeability 

m2 1.0e-12 Deep Assumed value 

Minimum active 
pipe 
permeability 

m2 1.0e-13 Deep Assumed value 

Relative 
Permeability 
Water 

- Saturation of 
Water 

Deep Simplest possible relative 
permeability curve 

Relative 
Permeability CO2 

- Saturation of 
CO2 

Deep Simplest possible relative 
permeability curve 

Capillary 
Pressure (Water – 
CO2) 

MPa 0 Deep Simplifying assumption 

Left-hand (x=0) 
fixed 
groundwater 
head 

m 10 Near-
surface 

No groundwater flow 

Right-hand 
(x=1000) fixed 
groundwater 
head 

m 10 Near-
surface 

No groundwater flow 

Seepage 
boundary head 

m 19 Near-
surface 

Assumed base of soil 1m 
below top surface of model 

Henrys Law 
Coefficient 

- 0.8317 Near-
surface 

Standard value (Lide (ed), 
2006) 
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Parameter Units Value Model Comments 

Groundwater 
Bicarbonate 
concentration 

mol m-3 1.63 Near-
surface 

Assumed representative 
value 

Diffusivity CO2 
in Water (DCO2) 

cm2 s-1 1.4e-5 Near-
surface 

Standard value (Lide (ed), 
2006) 

Enhanced 
dissolution factor 

- 1 (no deep 
vent) 

3 (deep vent) 

Near-
surface 

Arbitrary dissolution 
enhancement where CO2 is 
passing up through the 
groundwater 

Effective CO2 
Dissolution Time 

y hw
2/ 

(4* DCO2*Sw) 
Near-

surface 
Based on time for diffusion 
into water height across a 
plane (note hw = head water) 

Minimum 
hydraulic 
conductivity 

m s-1 5.0e-7 Near-
surface 

Assumed representative 
value 

Maximum 
hydraulic 
conductivity 

m s-1 5.0e-6 Near-
surface 

Assumed representative 
value 

Degree of 
heterogeneity 

- 0 Near-
surface 

Homogenous hydraulic 
conductivity of 1.0e-6 m s-1 

Fraction of initial 
biomass as clover 

-  Clover  = 0.2 
Grass = 0.8 

Plant pers. comm Thorne (2008) 

Toxicity Factor 
for CO2 conc. in 
canopy (κ1) 

- 0.26 Plant Limer et al. (2008) 

Toxicity Factor 
for CO2 conc. in 
soil (κ2) 

 Clover = 0.5 
Grass = 0.2 

Plant Limer et al. (2008) 

Fertilization 
Factor for CO2 
conc. In canopy 
(β) 

 Clover = 1.0 
Grass = 1.55 

Plant Limer et al. (2008) 
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Figure 5-8 Deep Flux of CO2 (kg CO2 m-2 d-1) to the Surface at Equilibrium (shown as 
equivalent flux density through surface vents) 

 

Figure 5-9 Flux of Carbon to the Plant Model (kg C m-2 y-1)   
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Figure 5-10 Evolution of Deep CO2 Fluxes over the Area of Surface Vents (top) and 
the Evolution of Geosphere Input Fluxes of Carbon (bottom) up to 500 years for all 

Model Compartments. 
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The areal distribution of input fluxes compared with those to the soil-plant model 

show that, for this input flux rate and number of deep pipes, one tends to generate a 

cluster of surface vents for a single input, rather than having CO2 surface venting 

purely in the same cell as the deep pipe input.  This is important for the 

parameterisation of a calibrated Latera model because if every surface vent causes 

plant damage of the type used to identify vents (see Section 5.1), then the base case 

model is over-estimating the number of vents. 

When looking at the magnitude of surface fluxes in vents, the calculated carbon fluxes 

at the higher end of the spectrum cluster around approximately 70 kg C m-2 y-1, which 

corresponds to approximately 0.7 kg CO2 m-2 d-1. This is consistent with the typical 

mean fluxes across vents that cause substantial plant loss (typically in the range 0.2 to 

1.8 kg CO2 m-2 d-1 (Beaubien et al., 2008)).  

Figure 5-11 shows the evolution of the CO2 head in the near-surface as the CO2 from 

the deep model breaks through into the surface.  The pattern of breakthrough is 

expected – plumes of CO2 are generated above the major input zones that then spread 

in extent as time progresses.  In the compartments with major CO2 injection from 

depth, air is largely eliminated in the sub-surface, but away from the injection points 

the CO2 sits on top of the water table, with large amounts of air present in the sub-

surface.  This CO2 layer migrates sideways away from the injection locations 

progressively mixing with groundwater and leaving through the two lateral 

boundaries. 

Figure 5-12 shows the biomass response at equilibrium for grass and clover, while 

Figure 5-13 shows the evolution of biomass in the vents for two specific cells (marked 

in Figure 5-12). 

The plots show that, as expected (Limer et al., 2008), clover is more sensitive to CO2 

exposure than the grass.  Clover shows no fertilisation and a great deal of loss of 

biomass, even when exposed to the small fluxes in the halo surface vents around active 

deep pipes. In contrast, the grass mainly shows loss of biomass in those cells with the 

high vent fluxes (i.e. those with active deep pipes supplying CO2), while the halo 

surface vents tend to be a source of modest fertilisation, and only infrequent loss of 

biomass. 

Hence, if the definition of a surface vent as measured in Section 5.1, assumes significant 

plant loss including grass then it appears that the base case model is providing a good 

estimate of surface venting frequency and consequent damage to plants. 
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Figure 5-11 CO2 Head Evolution for the Base Case. 
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Figure 5-12  Plant Impacts for Clover (bottom) and Grass (top) as the Ratio of Surface 
Vent Biomass to Initial Biomass at Equilibrium for the Base Case 
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Figure 5-13 Illustration of Grass Biomass Response to CO2 Sources for Compartment 
130 (which contains an active pipe input) and Compartment 131 (adjacent to 130, but 

with no active deep pipe input) 

 

 

In terms of the development of low pH plumes, the base model shows the low pH 

zones progressively spreading from the compartments with major pipe sources (Figure 

5-14), with relatively low pHs associated with the major deep pipe sources.  pH 

changes are initially fairly modest because of the long dissolution time for CO2 into the 

bulk groundwater.   

Lower pH values continue to develop in this model beyond the 1000 year run-time 

because there is no mechanism for dissolved CO2 to leave the model with no 

groundwater movement specified.  For the base case full equilibrium is achieved at 

approximately 2000 years, where the minimum pH observed is approximately 6. There 

are few data to judge whether this pH is representative of the Latera system 

groundwater, but it is similar to measured soil groundwater pH values in and around 

venting zones, hence this lends some confidence that this simple pH model is 

appropriated for the Latera groundwater system. 
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Figure 5-14  Groundwater pH at 50 y (top) and 100 y (bottom) for the Base Case 
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5.2.3 Sensitivity Calculations 

In order to test the robustness and applicability of the model to a range of inputs, a 

series of sensitivity runs were conducted, each investigating the impact of ‘interesting’ 

parameter changes on the bulk performance of the system.  The cases and the key 

changes made versus the base case are tabulated (see Table 5-4). The summary results 

for the key metrics at the end of the case run-time are given in Table 5-5. 

The summary metrics, all of which were generated with comparable run-times to the 

base case (of the order of 15 minutes on a modern Linux desktop PC), show the type of 

response one would expect to see for the input variation.  In summary: 

▲ When both species are present, clover shows far greater CO2 sensitivity than 

grass. 

▲ Changes in bulk fluxes from depth cause corresponding changes at the surface 

– less plant damage and slower changes in groundwater pH. 

▲ Changing the surface vent size dramatically impacts the effective CO2 flux that 

plants ‘see’ and hence has a major impact on plant die-off.  Even if looking at 

the cells as a whole, assuming plants outside the venting area are healthy, in the 

smaller surface vents case the mean total loss of biomass is higher.  Conversely, 

for large vents, while plant damage is still seen, the degree of damage is much 

less and far more localised to compartments with active deep pipes. 

▲ Changing pipe frequency has a similar impact to surface vent radius in that it 

disperses or concentrates the CO2 across the region, with consequent impacts 

on standing biomass. 

▲ Inclusion of groundwater flow had virtually no effect on plant impacts but 

significantly reduced the impact of CO2 dissolution.  With groundwater flow, 

CO2 is advected out of the model (and only low concentrations of dissolved 

CO2 are added at the upstream boundary), hence the mean reduction in pH is 

significantly less marked. 

▲ Heterogeneity of the hydraulic conductivity seemed to have a minimal impact 

on the results of these bulk metrics. 
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Table 5-4 : Sensitivity Cases (changes are given compared with the base case) 

Case Parameter Changes 

AllClover Starting fraction of clover = 1, starting fraction of grass = 0 

AllGrass Starting fraction of clover = 0, starting fraction of grass = 1 

Equal Plants Starting fraction of clover = 0.5, starting fraction of grass = 0.5 

GWFlow 
Heterogeneity 

Left-hand groundwater head (x=0) at 12 m 
Heterogeneity: Min K = 5.0e-6 (m s-1), Max K = 5.0e-5 (m s-1) 

GWFlow Left-hand groundwater head (x=0) at 12 m 

Heterogeneity Heterogeneity: Min K = 5.0e-6 (m s-1), Max K = 5.0e-5 (m s-1) 

HighFlux Whole system input CO2 flux to 8.0e-3 (kg m-2d-1) 

LowFlux Whole system input CO2 flux to 8.0e-5 (kg m-2d-1) 

SmallVents Surface vent size = 1 m (1 m2 area) 

LargeVents Surface vent size = 10 m (100 m2 area) 

LowPipeFreq Likelihood of deep pipe being ‘active’ = 0.01 

HighPipeFreq Likelihood of deep pipe being ‘active’ = 0.1 

VeryHighPipeFreq Likelihood of deep pipe being ‘active’ = 1 
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Table 5-5.  Summary of Key Results from the Sensitivity Cases  

Case Deep 
Vents 

Cells 
with 
Plant 
Damage 

Cells 
with 
Surface 
Venting 

Mean 
Deep Flux  
(kg CO2 
m-2 d--1) 

Max Deep 
Flux  
(kg CO2 
m-2 d--1) 

Mean 
Surface 
Flux 
(kg CO2 
m-2 d--1) 

Max 
Surface  
Flux  
(kg CO2 
m-2 d--1) 

Mean 
Cell 
Plant 
Impact 

Max Cell 
Plant 
Impact 

Min Cell 
Plant 
Impact 

Mean 
pH 

Mean 
∆pH 

Base 14 27 47 0.569 0.916 0.153 0.799 0.967 1.013 0.007 6.028 -0.44781 

AllClover 14 13 47 0.569 0.916 0.153 0.799 0.977 1.194 0.008 6.028 -0.51038 

AllGrass 14 14 47 0.569 0.916 0.153 0.799 0.975 1.147 0.008 6.028 -0.51038 

Equal Plants 14 400 47 0.569 0.916 0.153 0.799 0.957 1.000 0.005 6.028 -0.44781 

GWFlow 
Heterogeneity 14 230 22 0.569 0.916 0.294 0.815 0.969 1.013 0.007 6.221 -0.01311 

GWFlow 14 372 60 0.569 0.916 0.123 0.809 0.967 1.013 0.007 6.210 -0.03406 

Heterogeneity 14 190 60 0.569 0.916 0.123 0.809 0.967 1.013 0.007 6.210 -0.03969 

HighFlux 14 16 22 0.569 0.916 0.268 0.804 0.970 1.013 0.007 6.033 -0.44266 

LowFlux 14 4 6 0.057 0.092 0.023 0.054 0.999 1.012 0.811 6.046 -0.42952 

SmallVents 14 46 47 14.216 22.891 3.838 19.973 0.910 1.013 0.000 6.027 -0.44838 

LargeVents 14 14 45 0.142 0.229 0.040 0.200 0.983 1.013 0.239 6.028 -0.44727 

LowPipeFreq 5 14 17 1.580 2.328 0.429 2.008 0.984 1.013 0.001 6.048 -0.42779 

HighPipeFreq 41 43 149 0.195 0.311 0.047 0.276 0.939 1.013 0.128 6.005 -0.47046 

VeryHighPipeFreq 400 244 320 0.020 0.035 0.020 0.034 0.984 1.013 0.922 5.989 -0.48645 
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The groundwater flow with heterogeneity case (GWFlow Heterogeneity) is interesting 

because it perhaps represents the most realistic of the runs in terms of the groundwater 

chemistry evolution.  The distribution of pH at 0 and 100 years is shown in Figure 5-15.   

At 0 years the pH increases very slightly as groundwater flows in from the left 

boundary and out of the right-hand boundary, slightly degassing as it passes through 

the model.  The impact of the heterogeneity on the pH distribution is clear, with the 

disruption of the pH gradient from left to right.  At 100 years the gradient has been 

reversed and pH drops towards the right-hand boundary and the pattern of fluxes 

have changed to partially respect the CO2 sources.  This can be compared with the 

homogenous no-groundwater flow base case (Figure 5-14).  The pH continues to drop 

towards the right-hand boundary because the dissolution of CO2 into the full thickness 

of the aquifer is relatively slow and hence CO2 sitting on top of the water table 

continues to act as a significant source of dissolved CO2 even away from the vent. 

5.2.4 Summary 

The system-level model gives a good representation of the large-scale Latera system in 

that it is able to reflect the deep ‘pipe’ structure of the geosphere, the transport of CO2 

in the near-surface and calculates impacts arising from CO2 migration that are both 

plausible, self consistent and in agreement with the field observations.  The model is 

robust and responds sufficiently well that despite order of magnitude changes to major 

input parameters it is able to produce physically plausible results. 

It is clear from the sensitivity results that the inclusion of groundwater migration is key 

to preventing a build-up of local low pH zones, hence the accurate treatment of 

groundwater flow is vital to understanding likely groundwater geochemical impacts.  

It also appears to be the case that the impact of heterogeneity in hydraulic conductivity 

is relatively minor, but the impact of small-scale geological heterogeneity in 

influencing surface vent sizes is key to the impacts to plants and seepage to the surface. 
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Figure 5-15  ph Variation for the ‘GWFlow_Heterogeneity’ Case at 0 y (top) and 100 y 
(bottom) 
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5.3 Single Vent Calculations 

A detailed study of a single vent at the Latera site has been described by Beaubien at el. 

(2008). During the field campaigns of September 2005 and June 2006, data were 

collected along a 50 m transect which extended from the southern side of the non-

vegetated zone northwards, covering the vent itself through to background conditions. 

At 0.5 m intervals, samples were taken to analyse: soil CO2 concentration at a variety of 

depths; geochemical composition; surface soil CO2 flux; vegetation composition; and 

microbial biomass. In addition, at three locations, the microbial community 

composition was analysed; these locations were 8, 11 and 48 m along the transect, 

denoted by D8, D11 and D48 respectively.  

The soil-plant model described in Section 4 (and by Limer et al., 2008) has been used to 

simulate the conditions at these three locations; the soil CO2 flux has been taken as 

representing the flux from the geosphere into the soil at each location and the other 

data have been used to assess the model performance. Some of the empirical data 

required pre-processing to enable these comparisons to be made. The empirical 

vegetation data comprised composition, not biomass data, which can be put into three 

classes: ‘full’, ‘die-back’ and ‘bare’. It has been assumed that the ‘die-back’ vegetation 

has a density of 50% of the ‘full’ vegetation, giving an estimate of how vegetation 

biomass might change with soil CO2 flux. The data used are summarised in Table 5-6.  

Table 5-6: Experimental Data from Latera Single Vent Field Campaigns 

Site D8 D11 D48 

Soil CO2 flux (kg CO2 m-2 d-1)   0.25 0.11 0.002 

10 cm 34.00 12.00 0.40 

20 cm 28.29 18.64 0.27 

50 cm 62.40 35.60 1.00 

Soil CO2 concentration at various depths below 
the surface (%) 

80 cm 93.00 87.00 1.97 

Full 31.30 62.50 100.00 

Die-back 25.00 35.00 0.00 

Vegetation composition (%) 

Bare 43.70 2.50 0.00 

Vegetation biomass as a percentage of optimum biomass 
(%) 

43.80 80.00 100.00 

 

The soil-plant model calculations, assuming 80% grass and 20% clover coverage, are 

summarised in Table 5-7 and Figure 5-16.  The quantities given as mean values in Table 

5-7 correspond to annual averages once near-equilibrium has been attained.  The 



 

40 

dominance of the grass results in high canopy concentrations in the clover, which is 

shorter than the grass, and thus a greater reduction in clover biomass as compared to 

the grass. Figure 5-16 shows seasonal variations in total biomass once near-equilibrium 

has been obtained; the grass biomass is also shown. It can be seen that the comparisons 

with the data in Table 5-6 are good, confirming that the soil-plant model is capable of 

representing the key features observed. 

Table 5-7: Soil-Plant Model Calculations  

Site D8 D11 D48 

Geosphere CO2 flux (kg CO2 m-2 d-1)   0.25 0.11 0 

Mean Soil CO2 Concentration (%) 20 9.0 0.28 

 Grass Clover Grass Clover Grass Clover 

Mean Canopy CO2 Concentration 
(ppmv)  

5220 32 190 2540 14 590 443 765 

Peak Canopy CO2 concentration 
(ppmv) 

5230 32 280 2560 14 710 469 937 

Peak standing biomass (kg C m-2) 0.06 4E-3 0.19 2E-3 0.28 0.09 

Peak standing biomass/ Peak 
standing biomass with no geosphere 
flux (%) 

22 0.4 68 2 100 100 

 

Figure 5-16: Soil-Plant Model Calculations 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

T
ot
al
 S
ta
nd
in
g 
B
io
m
as
s 
(k
g 
C
 m

-2
)

Time (y)

D8 D8 Grass D11 D11 Grass D48 D48 Grass

 



QRS-1320B-3 version 1.0  

41 

Botanical surveys carried out at Latera demonstrated a shift in the species composition 

from grass only to a mix of grass and clover moving further away from the vent area 

(Figure 5-17; the vent is located in the first 5 m of the transect). Changes in species 

composition in the proximity of vent areas have also been observed at the Laacher See 

natural analogue site in Germany (Krüger et al., 2008) and controlled field experiments 

in the United Kingdom (West et al., 2008).  

Figure 5-17: Vegetation Composition (%) observed at Latera in September 2005 (top) 
and June 2006 (bottom) (West et al., 2007b). ‘Other’ includes die-back, moss and 
alagal species. 
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Assuming a CO2 flux profile along the transect similar to that observed at Latera 

(Figure 5-18; Beaubien et al., 2008) changes in modelled species biomass can be 

examined, and the resulting calculations are shown in two ways in Figure 5-19 and 

Figure 5-20; in the first the x-axis is distance along the transect and in the second it is 

the flux CO2 flux from the geosphere.  As the field data comprises species composition 

and the model calculates plant biomass, direct comparisons are not possible. However, 

many of the qualitative aspects of the modelled changes in individual species biomass 

broadly correspond with the observed changes in plant species composition along the 

transect (Figure 5-17). In particular the model is able to capture three key zones along 

the transect: a zone with negligible vegetation biomass, a zone dominated by grass, 

and a zone in which both grass and clover co-exist. 

The slight fertilisation of grass in areas adjacent to the vent is entirely consistent with 

observations from the areal calculations (Section 5.2.2, Figure 5-12). The absolute 

biomass of the two species present along the transect will depend upon the assumed 

composition by area. The availability of empirical plant biomass data would enable 

more quantitative comparisons to be made. 

Figure 5-18 : Modelled and Measured Geosphere CO2 Flux 
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Figure 5-19: Calculated Variation in Grass and Clover Biomass along a 50 m Transect  
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Figure 5-20: Relative Change in Vegetation Biomass with Geosphere CO2 Flux  
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6 Conclusions 

The main conclusions from the project are: 

� A single integrated systems-level model for the site has been produced using 

the QPAC-CO2 software. 

� The integrated model includes a representation of near-surface processes that 

affect CO2 transport and which are observed at the Latera site.  This modelling 

capability is novel, and should have widespread use in assessments for the 

geological storage of CO2.   

� The pattern of CO2 venting calculated by QPAC-CO2 is broadly consistent with 

field observations at the site. 

� Major improvements have been made to the model for the soil-plant part of the 

system so that seasonal variations and different crops can be investigated.   

� QPAC-CO2 calculations of soil gas concentrations and plant response are in 

good agreement with measurements at a single vent.  This provides support to 

the idea that observable changes in ecosystems could provide early warning of 

leakage to the surface. 

This project has provided a significant contribution to the development of the UK’s 

expertise in Carbon Capture and Storage (CCS) technology, in particular in systems 

modelling, which is an important requirement for the successful implementation of 

CCS.  The programme has also demonstrated the benefits of collaboration with UK and 

European partners with the CO2GeoNet programme. 
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