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Abstract: This work describes a method to carry out 2-D inversion of gravity data in terms of
porosity and matrix density distribution using previous DC resistivity inversion results to
constraint the fractional pore-water content in the rocks. The inversion is carried out using a
controlled random search (CRS) algorithm for global optimization. The method was tested on
synthetic data generated from a model representing a graben, and the results show that it can
estimate accurate values of contrast-density and porosity. The method was also applied to gravity
and dc experimental data collected in NE Portugal, showing results that agree quite well with the

known geological information.
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1. Introduction

Porosity is an important parameter in earth sciences related to fluid flow and
reservoir characterisation. It affects several rock physical parameters like density, acoustic
impedance, seismic wave velocity and electrical resistivity.

Traditional methods to evaluate porosity are usually invasive, requiring rock
sampling in wells. These methods only given localized results and may not be
representative of the soil properties at regional scales. Non-invasive and low-cost
geophysical methods represent alternative techniques to evaluate and characterize rock
physical properties at large scales.

Gravity measurements are broadly used to investigate the structure of sedimentary
basins (e.g., [1]). However, even though density of porous (or fractured) rocks is a function
of porosity and of water in pore space, it is not possible to determine these parameters
using only gravity data. Electromagnetic methods (with particular emphasis on dc
resistivity) are frequently used to estimate those parameters in sedimentary formations [2,
3 and 4]. Gravity and resistivity measurements are related to each other through the
porosity and water content. Therefore, a combined approach using both methods should
provide a more accurate estimate of those parameters.

In this work, a method for inverting gravity data acquired in porous media using dc

resistivity results to constraint the fractional pore-water content, is presented. The method
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seeks a solution for the inverse problem in terms of the rock-matrix density, porosity, and
water-content of the geological formation. The method, which is not a joint inversion
procedure, can be considered a cooperative inversion of two coincident geophysical data

sets.

2. Materials and Methods

Bulk density ce and fractional porosity ¢, for porous media partially filled with water,

are related by the volume weighted density expressed by:

Ge=(1-¢) om+ Swd ow 1)

where om is the rock matrix density and ow the pore-water density, and Sw is the fractional
amount of saturation of pore water. The effect of the air in the pores is not considered in
this equation.

Archie’s law has been currently used for porosity assessment from resistivity
(geoelectromagnetic) surveys carried out either on earth surface or in boreholes. For clay-

cleaned rocks and low-frequency or dc methods, the Archie’s law is expressed by [5],

Pe = apwSwm (2)

where g, n and m are empirical constants, pw and pe are the water and the bulk resistivity,
respectively, and Sw is the fractional amount of saturation of pore space. Values between

0.6 to 1.0 for a and, of 2.0 for m and n are commonly used for clay-free sandstones.

The gravity data was inverted using the controlled random search (CRS) algorithm
for global optimization (see, e.g., [6]). This algorithm produces a random sample of the
objective function hypersurface in the parameter space [6]). All sampled points of the pa-
rameter space that produce objective functions smaller than a threshold value, which is a
function mainly of the data misfit, are saved and used in a statistical analysis. The mean

of all sampled models is then taken as the best parameter estimation.

The CRS algorithm is fully described in the literature (e.g., [6]) and, for this reason,
only the relevant points of our implementation will be described. Let g(r) be the N-
dimensional vector of gravity observations (Bouguer anomaly) and the theoretical 2-D
gravity model responses be represented by f (r, m). The vector r defines the position of the
gravity measurements and m is the M-dimensional vector of model parameters, i.e. the
porosity ¢ and the matrix density om. To calculate theoretical responses, the region
containing the gravitational sources is divided into M cells (Figure 1), consisting of

rectangular blocks in the 2-D approach (see [7]). The computed gravity anomaly is then,

f (r, m) = A (0. - ob) 3)
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where A is the gravitational attraction matrix, ob is the background density, and (o - ob)
is the vector containing the model density-contrast values. The element Aj of this matrix

A represents the gravitational attraction at the point 1 due to cell j having unit density.

mGal

Distance

Gei

Figure 1. Vertical cross-section of the mesh used in 2-D gravity modelling. c.j represents the bulk density of the block j.

The inversion problem consists of finding an estimate of the model parameters m*

such that the objective function is defined by

N (3

i{i[(gi - fi)/gilz} <s @)

subject to
mu>m'>mi, )

where ¢ is a quantity depending of the observational errors, mu and mi representing upper
and lower a priori bounds of parameters. These bounds can be estimated from previous

geological and/or geophysical results.

The algorithm starts by generating L models, each made up of M cells (or blocks).
The matrix density and the porosity are randomly generated to construct each of these
models. For each model, the Sw is calculated from the dc resistivity model and porosity
values using the Archie’s law. The objective function is evaluated and the model with the
largest objective function value is determined. In the second step of the algorithm, (M+1)
models are randomly chosen among the L currently available, and the centroid of the first
M chosen models is used to estimate the parameters (porosity and matrix density) of a

new model, according to the vector equation,
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m=2c - q.

the vector q contains the parameters of the (M+1)th chosen model and c is the vector with
the centroid model parameters. The degree of water saturation is always determined from
the resistivity model. Provided that the parameters of the model m satisfy the constraints
expressed by condition (4), the objective function of the new model is evaluated and
compared with those of the L current models. If the objective function of the new model
is smaller than the greatest one in the L models, the new model is accepted and replaces
the one with the greatest value of the objective function. The iterative process stops when

all L models have objective function values smaller than a specified value «.

Ambiguity and sensitivity analysis

The density-contrast (Ac) of a block in the model can be expressed by,

AG = 0e - 6b = (1 - 0) Om + [a pw /(pe ¢")]¥" Gw - Ob. (6)

According to (3), the contribution of each block to the calculated gravity anomaly
depends on the respective density-contrast. It is then possible to have several models with
different combinations of porosity and matrix density that fit the data equally well. This
assertion is the expression of the known problem of nonunique solution in gravity
inversion. If n = m, a frequently adopted condition, equation (6) simplifies,

Ac = Ge - b= (1 - §) Om + [a pw /pe)]¥" Gw - Ob. (7)

This equation shows that, in these conditions, it is possible to decrease the ambiguity

limiting the values of om.
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Figure 2. Variation with porosity of bulk-density having a, pw and m as parameters.
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Parameters a, pw, m and n are chosen empirically at the beginning of the inversion.
So, it is important to understand their influence in the solution, which affects the bulk
density values. The variation of ce with a and pw depends on the value of n. However, the
importance of the latter is very small (variations of 20% in the constant n only produce
changes in c. of 0.01%) and a linear dependence of 6. ona and pw is observed. Figures 2a)
and b) show the bulk density as a function of the porosity, having a and pw as parameters,
respectively. The results presented in Figure 2 have been calculated assuming om = 1.8
g/cm3, ow =1 g/cm?, pe=3.4 ohm-m and m = n=2. From the figures it is possible to conclude
that those parameters do not have a strong influence on the solution. In fact, variations of
30% and 50% in a and pw, respectively, only produce changes of 5% in the bulk density.
The dependence of the bulk density on the constant m is shown in Figure 2c). A nonlinear
dependence on the porosity can be noted in this case. The influence of m is greater for
small values of porosity. Nevertheless, it is possible to conclude that the influence of m,
for the range of values usually adopted, is of the same order of the other analysed
parameters. Hence, the final solution will depend mainly on the resistivity model used to

constraint the saturation degree of the formations.

3. Results

3.1. Synthetic data example

The described method was firstly applied to gravity and dc-resistivity synthetic data
generated from the model shown in Figure 3. Basically, the model simulates a 2-D graben
(600 m wide and 437 m depth) filled with sedimentary rocks. The value of the different
parameters (geometry, density, porosity, water content, electrical resistivity) used in the
data generation are shown in Figure 3 and Table 1. The synthetic gravity data and dipole-
dipole apparent resistivity pseudosection are also presented in Figure 3. The residual
gravity anomaly is characterized by a wide minimum over the graben, corresponding to

the sedimentary filling.
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Figure 3. a) Gravity anomaly (symbols) calculated from the synthetic model shown in centre of the figure b). The parameter
values are shown in Table 1. The solid line represents the response of the model shown in Figure 5a). c) Apparent

resistivity pseudosection calculated from the same model (b) (dipole distance is 100 m). Contours are in ohm-m.

Table 1. Parameterisation of the synthetic model shown in Figure 3.

Parameter A B C D
Ac  (kg/m?) -233 -1158 -810 -165
o (%) 10 40 30 10
pe (chm-m) 500 100 33 300
Sw (%) 77 43 100 100

The dipole-dipole resistivity data was inverted separately to obtain a model of the
electrical resistivity distribution (Figure 4) used to constraint the water saturation degree.
The misfit of the final model is of 1%. The presence of wet sediments is also revealed in
the dipole-dipole data by the low resistivity zone (<60 ohm-m) depicted at depths greater
than 100 m. The combined gravity-resistivity inversion was performed with porosity val-

ues constrained in the 0.0 to 0.7range. For the calculation of the saturation degree, a value
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of 3 ohm-m for the pore-water resistivity was assumed. The constant parameters in the

Archie’s law were set to 4=1.0 and n=m=2. A value of 2650 kg/m? was assumed for the
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Figure 4. 2-D resistivity model corresponding to the inversion of the apparent resistivity data shown in Figure 3c.

Contours are in ohm-m.

regional density, to calculate the contrast density. The matrix density was allowed to vary
between 2000 and 3100 kg/m3. It must be noted that the values of the water resistivity and
regional density parameters are, in this case, equal to the “true” ones. Similar solutions
have been obtained in experiments performed with different constraints on the matrix
density (2000 to 2900 kg/m?). An increase in the misfit of the model was observed narrow-
ing the range of allowed matrix density values. The “best” range, in the sense that it pro-
duces the lowest misfit between data and model response, should be found experimen-

tally.

Figure 5a) shows the density-contrast model obtained with the method described
above. The correspondent gravity model response is shown in Figure 3 (solid line). The
misfit between data and theoretical response is evaluated through the value of the
objective function which, in this case, is 0.06%. The sedimentary filling of the graben,
assumed to be represented by the —1000 kg/m?3 contour line, is clearly recognised in the
model. The saturation degree distribution estimated during the inversion process is
shown in Figure 5b). Except in the uppermost part of the graben, the saturation degree is
greater than 70%. The estimated porosity distribution shown in Figure 5c) is, in general,
lesser than 20%, except in the graben area where values greater than 30% have been

estimated.
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Figure 5. a) 2-D contrast-density model, b) 2-D pore-water distribution and 5c) 2-D porosity distribution obtained from

the combined inversion of synthetic gravity and resistivity data using the method described in this work.

The results show that the estimated values of contrast-density, water saturation
degree and porosity are within the expected range of values. The lateral dimension of the
graben is well defined. The thickness of the anomalous body (a graben) is, however, not
well determined. The weak resolution of the gravity data in such cases justifies the poor
resolution in depth. It is also noted that the final inverted model does not present the
perfect symmetry evidenced by the synthetic model. The random character of the CRS
algorithm is, probably, responsible for this feature.

3.2. Experimental data example
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Between 1990 and 1993, geophysical, geological, and geochemical research was per-
formed in the Chaves region (NE Portugal) to construct the hydrothermal model associ-
ated with hot springs located close to Chaves city [8, 9 and 10]). The hot waters reach
temperatures of 78°C and are known since Roman times. Morphologically the Chaves sed-
imentary basin (Quaternary), a graben striking in NNE-SSW direction that is bounded by
granite (Hercynian) and metamorphic schistose formations (Figure 6a and b), dominates
the region. The main fault controlling the structure is the NNE-SSW sinistral fault known

as the Chaves-Verin fault.
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Figure 6 a). Geological sketch map of Chaves region; 1-sediments; 2 -granite; 3-schist; 4- normal fault. The line W-E
represents the dipole-dipole and the gravity profiles; b) Geological cross-section along line W-E; ¢) Symbols- measured
gravity anomaly. The solid line is the response of the model shown in Figure 7a); d) 2-D resistivity model obtained by

inversion of apparent resistivity dipole-dipole data. Dipole distance is 300 m. Contour lines are in ohm-m.
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Various geophysical methods, gravity, resistivity, self-potential audio-
magnetotellurics and magnetotellurics, have been used to investigate the shallow and
deep structures of the Chaves graben. The resistivity method was used to detect and
define the geometry of the shallow water circulation within the graben. Figure 6d) shows
a dipole-dipole resistivity model corresponding to a profile crossing the graben in the
WNW-ESE direction (Figure 6a). This model was obtained from 2-D inversion of the field
apparent resistivity data (not shown) using a regularization algorithm [11]). The main
characteristic of the dipole-dipole model is the low resistivity zone (<30 ohm-m) depicted
in its central part at depths greater than 300 m. As a complement of the regional gravity
survey, a gravity profile along the dipole-dipole profile was also carried out (Figure 6c).
The residual gravity anomaly is characterized by a wide asymmetrical minimum over the

graben, corresponding to its sedimentary filling.

The inversion was performed with porosity values constrained to the 0.0 to 0.7 range.
The matrix density was allowed to vary between 2000 and 3100 kg/m?. A value of 3.4 ohm-
m for the pore-water was used [12]) in the calculation of saturation degree. The constant
parameters in the Archie’s law were a=1.0, n=m=2. In the calculation of the contrast-density

a value of 2650 kg/m?® was assumed as regional density.

Figure 7a) shows the density-contrast distribution model obtained with the method
described above. The correspondent model response is shown in Figure 6c). The misfit
between data and theoretical response is evaluated through the value of the objective
function, which is 0.99%, in this case. A slightly different model (not shown) was obtained
assuming a variation of the matrix density in the 2000-3000 kg/m? range. In the Figure 7a)
it is clearly recognised the sedimentary filling of the graben assumed to be represented by
the —300 kg/m? contour line. The density of the sediments, however, is not constant as it

varies with depth because of the compaction of the sediments.
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Figure 7 a) 2-D contrast-density model, b) 2-D pore-water distribution and c) 2-D porosity distribution obtained using the

method described in this letter and the data set acquired in Chaves region.

The saturation degree distribution estimated during the inversion process is shown
in Figure 7b). Except in the uppermost part of the graben the saturation degree is greater
than 90%. This is in accordance with the available information that suggests that the
hydrothermal aquifer lies at a depth of 300 m. The estimated porosity distribution shown
in Figure 7¢) is in general lesser than 6%, except in the graben area where values greater
than 10% have been estimated. Exceptionally, values greater than 45% appear in some
parts of the graben. It is probable that such values are originated by a certain degree of
overfitting of the gravity data together with inappropriate values of n and m parameters
in Archie law. The most relevant feature in Figure 7c) is the area in the centre of the graben

with porosity values of 10-12% that reach higher depths. The location of this relatively
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high porosity zone shows a strong correlation with the location of the Chaves-Verin fault
and reveals the importance of this tectonic-structure in the hydrothermal circulation.
Similar porosity results were obtained from 2D joint inversion of dc and scalar AMT
data acquired along the same profile [13]) and applying the Waxman and Smits [14] and
the Sen’s [15] models. The results suggested that the porosity of the reservoir (in the

central part of the graben) is not uniform and might be in the range from 12% to 24%.

4. Discussion

Prediction of porosity distribution from gravity inversion is feasible if resistivity data
(from dc, transient or magnetotelluric surveys) are available to constraint the pore-water
saturation. The use of Archie law is limited to free clay areas. However, clay is present in
several environments. This can be taken into account using a modified Archie law. This
study shows the importance of the a, m and n parameters. It is recommended to obtain
experimental values for these parameters. The CRS method is easy to code and is fast
enough to be used with advantages in the combined inversion here presented. The results
obtained from a particular geological structure (a graben) suggest that the joint inversion
of gravity and resistivity data might be a useful strategy in regional hydrological.

However, further work is required to consider more general structures.
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