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Abstract

Gravimetry is a physical method with a large depth of investigation. Traditional applications include

surface gravity observations for mining and oil exploration and borehole gravity logging for investigating

formation bulk density.

A new application of gravimetry is large-scale reservoir saturation monitoring. Replacement of oil or

gas by water leads to density changes in large volumes of the reservoir, which causes changes of the

gravity field down hole as well as on the surface. Since borehole gravity sensors are closer to the reservoir

than for surface acquired gravity data, borehole gravity data has better spatial resolution and are less

affected by near surface changes.

This paper focuses on the problems of inversion of time-lapse gravity data for complex multilayered

reservoirs and estimation of the accuracy of the reconstructed oil-water flood front. The traditional bitmap

approach (dividing the reservoir into blocks) requires a huge number of parameters and leads to the

well-known inversion ambiguity. This ambiguity can be reduced by introducing a priori information.

The basic idea of the presented approach is to obtain this a priori information by biasing the inversion

with output from a history matched reservoir simulation data set. In this case, reservoir simulation

saturation data from an onshore giant Middle Eastern oil field was used as input. By processing the

simulation saturation data, it was possible to understand the behavior of the water saturation and oil-water

flood front in the different layers of the reservoir. Using this knowledge, a 3D model of density changes

was introduced. This model formed the basis of the optimization inversion algorithm used to fine-tune the

actual location of the oil-water flood front on the basis of gravity data.

Numerical examples demonstrate how inversion and accuracy estimates work for data obtained from

a realistic reservoir simulation. The proposed inversion technique will depict any differences from the

history matched reservoir simulation saturation output and the gravity data; thus, the gravity data will

allow enhanced precision of the reservoir simulation history match.



Introduction

Geology and reservoir engineering, the prodigious oil industry subsurface sciences, share the same

paramount challenge of attempting to describe what occurs in the wide open spaces of the subsurface

reservoir utilizing sparse well data (Dake 2001). As only a very small fraction of the subsurface can be

observed directly or indirectly through cores, well logs and well production data, the in-between well

reservoir characterization is more an art form than science. The dynamic changes between the wellbore

control points can presently only be understood via matching the reservoir simulation models to

re-produce the data acquired from the wells.

The Society of Petroleum Engineers (SPE) Research & Development (R&D) Committee outlined in the

May 2011 issue of Journal of Petroleum Technology (JPT) the five grand R&D challenges facing the oil

and gas industry (Judzis et al. 2011). One of the five challenges defined was higher resolution subsurface

imaging of hydrocarbons. As part of the follow-up JPT article series covering each of the five grand

challenges in depth, Neal and Krohn (2012) identified that the following technology options are the most

advanced in offering a solution to the inter-well saturation mapping problem:

1. Seismic (3-D / 4-D seismic, surface, borehole and cross-well acquisition)

2. Electromagnetic (borehole to surface and crosswell)

3. Microgravity (borehole and surface acquisition)

4. Nano technology

This case study is based on a reservoir simulation data set that originates from an actual giant oil field

located in the Eastern Province of Saudi Arabia. In a recent publication (Lyngra et al. 2013), it was

concluded that in one of the producing reservoirs in this field, a heavily fracture dominated reservoir, an

improved reservoir simulation model that can be fully utilized for well placement and oil production

predictions can only be constructed by exploiting improved methods to identify fractures and reservoir

saturations away from well control. To improve input for the described model and other complex models,

seismic, electro-magnetic (Marsala et al. 2013) and microgravity (Loermans and Kelder 2006, Alshakhs

et al. 2008) methods are all techniques currently being pursued by Saudi Aramco to improve inter-well

fracture characterization and saturation mapping. Nano technology saturation mapping options have not

been evaluated for this oil field in particular, but a new approach using magnetic nanomappers as a

contrast agent for improving deep resolution for electromagnetic surveys (Al-Shehri et al. 2013) is

currently being investigated in the research laboratory.

The results of successful field applications using surface microgravity surveys for gas/water reservoir

monitoring are reported in several publications, e.g., Eiken et al. (2000), Brady et al. (2002), Brady et al.

(2004), Bate (2005), Ferguson et al. (2007), Alnes et al. (2008), Brady et al. (2008) and AhmadZamri et

al. (2009).

The potential of 4-D gravity surveys for inter-well oil/water reservoir surveillance has been evaluated

based on modeling feasibility studies. Three of these case studies are using Saudi Arabian field data from

as input for the microgravity sensitivity cases (Loermans and Kelder 2006, Alshakhs et al. 2008,

Hadj-Sassi and Donadille 2010). In public domain technical literature, only two successful field appli-

cations for using microgravity data for monitoring of water enchroachment in oil fields are reported

(Alawiyah et al. 2012, Hadi et al. 2013).

The Basic Principles of Microgravity

A gravitymeter measures the local acceleration of gravity (g, ~ 9.81 m/s2) with a very high precision.

Since the variations in g are caused by variations in the local mass distribution, adequate surface gravity

measurements may help in the localization of large bodies with densities different from their surroundings,

e.g., metal ore bodies and oil or gas fields. Prior the advancement of seismic technology, many oil and
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gas fields were discovered aided by surface gravi-

metry. There are also some situations were seismic

imaging is very difficult, like imaging close to large

salt diapirs or below extensive salt layers (Van

Nieuwenhuise and Pramik 2006), where surface

gravitimetry is more practical.

The change of g with increasing depth in a well

is profoundly influenced by the mass/density of the

layers above the measuring point. This feature, the

value of g being determined largely by the absolute

position of the measuring point, can also be used as

a method to establish true vertical depth (TVD) with

an accuracy and precision no other method currently

employed can match. A gravity tool measurement

of g in a wellbore can be derived directly from Sir

Isaac Newton’s Inverse Square Law of Universal Gravitation (Newton, 1687). The physical principle of

the borehole gravity measurement is illustrated in Fig. 1:

As shown in Fig. 1, the �g measurement of the strata away from the borehole is sensitive to the

separation, �Z, between the two measurements. The bulk density (�b, kg/m3) of the slab of rock between

the two points can be calculated utilizing the generalized equation (from Meyer, 2010):

In this equation, f is a gravity gradient correction term (1/s2) and G is the Newton’s Universal

Gravitational Constant ~6.674 x 10-11 m3/kg s2.

By increasing �Z in the measurement, more rock is affecting �g; hence, the further away from the

wellbore reservoir effects can be detected. The �g can be a result of stratigraphic, structural, or diagenetic

effects (matrix or porosity effects). However, the more substantial �g effects are caused predominantly

due to the existence of different reservoir fluids, i.e., oil, water, and/or gas. The following general formula

describes the total bulk density:

where: � is the porosity, S is the water / oil / gas saturations and � is the density of the fluids and matrix.

In a case with water influx into a gas zone with water substituting gas, the difference in �g and �b can

be substantial due to the much larger water density as compared to gas density. The current surface

gravimeter tools have a precision of less than 5 �Gal (Alawiyah 2012). For reference, the absolute value

of g is ~ 9.8 x 108 �Gal. AhmadZamri et al. (2009) reports from monitoring of injected waste gas into

an aquifer at ~ 5000 ft depth that surface gravity anomalies of ~20 �Gal were initially observed around

the injector wells. These anomalies continued to grow in strength and size with increasing cumulative

injected gas volume, as observed by five time lapse surface surveys. The ultimate precision was reported

to vary from survey to survey, but the stated average precision was less than 6 �Gal.

For the oil field water flooding or water encroachment case, however, the small bulk density changes

associated with fluid substitution produce a very small change in the gravity field. This is directly related

to the much smaller density difference between oil and water than for the gas/water case. A gravity tool

with a very high precision will be required to capture these slight �g changes. In the Alshakhs et al. (2008)

case study, a synthetic surface microgravity data set was generated using reservoir simulation saturation

output. Based on inversion of this synthetic microgravity data, it was concluded that a tool precision of

~0.01 �Gal is required to be able to successfully detect inter-well fluid substitution changes. Thus, a

Figure 1—Principle of Borehole Gravity Measurements (after Chapin

and Mann 1999, Loermans and Kelder 2006, Alshakhs et al. 2008)
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gravitymeter tool precision improvement of almost three orders of magnitude is a prerequisite for

successful microgravity water encroachment monitoring.

Microgravity: State-of-the-Art and R&D Technology Challenges

The borehole gravity theory was described in the previous section to illustrate the simple relationships

between �g and the reservoir fluid saturations. The following gravity modeling sections assume inter-

pretation of 4D time lapse microgravity surveys covering the reservoir area of interest.

Time-lapse refers to two (or more) gravity-monitoring surveys measured at different calendar times

over the same area. The difference is taken between the monitoring survey and the original (base) survey.

The most successful result will occur if a base survey is performed prior to water injection or aquifer

influx takes place with the reservoir at its original oil saturation state. The time lapse signal eradicates the

gravitational influence of all the above reservoir geological complexities and eliminates reservoir

heterogeneity effects since it captures the changes in the gravity signal due to water encroachment alone.

The two successful Indonesian oil field applications (Alawiyah et al. 2012, Hadi et al. 2013) were based

on interpretations of time lapse surface microgravity surveys. In these two publications, time lapse

microgravity anomalies were used for a qualitative assessment of water injection encroachment without

any attempt to quantify time lapse water saturation changes. This is likely due to microgravity tool

precision. Thus, these two data sets would only be meaningful as time lapse and tied to other original

saturation state calibration data.

A similar technique was used for the Prudhoe Bay gas cap water injection project (Brady et al. 2004,

Brady et al. 2008) where time lapse surface microgravity measurements where superimposed to identify

areas of water encroachment. The base line survey results were also published (Brady et al. 2002, Brown

et al. 2002). Also in this Alaska field application, no maps quantifying saturation changes have been

included in any of the many publications dealing with this project.

It should be noted that the time expended from the feasibility modelling publications, for both the

Indonesian oil field applications (Santoso 2004) and the Prudhoe Bay case (Brady et al. 1993, Brady et

al. 1995, Hare et al. 1999), until publication of time lapse interpretation results is in order of 8-9 years,

which illustrates that these type of surveys take careful planning and execution for successful results. The

author lists for both the Alaska and the Indonesian projects illustrate the technical complexities with the

involvement of operating companies, universities, research institutions and service providers in both the

planning and interpretation phase.

For a successful implementation of microgravity for oil field water encroachment monitoring and

inter-well saturation quantification, the designed monitoring program will require time lapse surface

microgravity surveys integrated with borehole surveys. The borehole gravity measurements will improve

the accuracy of the fluid saturation gravity inversion since the measured �g is a result of reservoir effects

alone and much higher signal amplitude will be detected. Moreover, significant understanding of the area

around each well can be obtained by gradually increasing the �Z; thus, increase the radius of investigation

away from the wellbore to accurately identify the location of the flood front. This information can be used

to calibrate a surface gravity data set run in close time proximity, which may in turn resolve some of the

issues related to non-unique inversion of gravity data into hydrocarbon saturation.

The current generation borehole gravity tool has been available for decades, but the existing tool

diameter is typically above 4 inches (Loermans and Kelder 2006), dependent on pressure and temperature

ratings. The existing mass-spring gravity tool technology also requires the surveyed well to be less than

14° deviation from vertical (Chapin and Mann 1999). Ander and Biegert (2006) estimated that less than

0.5% of the wells in the world can be successfully surveyed by borehole gravity measurement through the

target reservoir interval due to this tool size and inclination limitations. Moreover, an improvement in

borehole tool precision is required to be able to use the borehole gravity measurements for saturation

inversion.

4 SPE-171226-MS



The gravity technology shows significant promise, but the prerequisite R&D developments to develop

a borehole tool of appropriate size with significantly improved gravity sensor accuracy (Brady et al. 1993,

Loermans and Kelder 2006, Meyer 2010) are yet to be delivered, which pose a significant limitation for

present day application of gravity technology. The improvement in the tool precision is feasible by

construction of new generation gravity tools. One of the possible options for tool development with the

required precision is to build an Atom-Interferometry gravity tool (Peters et al. 1997, Alshakhs et al.

2008).

Microgravity was mentioned as one of four contenders to resolve the inter-well saturation mapping

challenge, as presented by Neal and Krohn (2012), as part of the five grand R&D challenges facing the

oil and gas industry (Judzis et al. 2011). For microgravity to be a serious alternative for inter-well

saturation mapping for oil fields under waterflood, the borehole gravity measurement hardware devel-

opment needs to be given significant R&D priority.

Non-uniqueness for Microgravity Survey Hydrocarbon Saturation Inversion

Gravity is a potential field, which makes inversion of gravity data intrinsically non-unique (Zhdanov

2002, Tarantola 2005, Hadj-Sassi and Donadille 2010). The reason for the inversion non-uniqueness is

due to that there are many density (i.e. saturation) distributions that generate the same potential field, and;

hence, the same microgravity response. Hadj-Sassi and Donadille (2010) reviews the many technical

publications that provide different alternatives for reducing the non-uniqueness of the hydrocarbon

saturation gravity survey inversion. Jackson (1979) discussed the use of a priori information to resolve the

non-uniqueness. Glegola et al. (2012) report in two journal articles the use of reservoir simulation to

improve the quality of inversion of surface gravity data for monitoring of water influx into a gas reservoir.

In this paper, the approach utilized was to obtain a priori information by biasing the gravity inversion

with output from a history matched reservoir simulation data set. By processing the gravity results using

the simulation saturation data as a starting point, it was possible to understand the behavior of the water

saturation and oil-water flood front in the different layers of the reservoir. Using this knowledge, a 3D

model of density changes was introduced. This model formed the basis of the optimization inversion

algorithm used to fine-tune the actual location of the oil-water flood front on the basis of gravity data.

Numerical examples demonstrate how inversion and accuracy estimates work for the data obtained

from a realistic reservoir simulation data set. The proposed inversion technique will depict any differences

from the history matched reservoir simulation saturation output and the gravity data; thus, the gravity data

will allow enhanced precision of the reservoir simulation history match.

Background for Middle East Field Case for Gravity Monitoring of Large-
scale Hydrocarbon Water Fronts

The key issues raised for a particular gravity monitoring case are: (1) the level of gravity field changes,

and (2) the possibility of recovery of the oil-water contact (OWC) with reasonable accuracy from

practically available measurements (inversion and resolution analysis). The answer to the first question

can be obtained simply by forward gravity modeling based on the saturation output. The second question

is more complicated, since inversion of gravity data is known to be ambiguous, unstable and non-unique.

This is particularly true when inverting a surface gravity data set with sparse or no available borehole data.

If inversion of gravity data uses a priori information for the sought solution, the quality of the result (and

often the speed of the inversion) depends strongly on how fully the available field data is used to steer the

solution and also eliminate impossible cases.

Some a priori factors to consider for this field case are: (1) large reservoir thickness, (2) large number

of different reservoir layers, and (3) peripheral water flood. Thus, the water saturation changes gradually

over a large area along the water flood direction and the OWC surface extends over a substantial distance
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in the horizontal direction, as discussed below in the Description of Field, Reservoir and Reservoir

Simulation Data Set section. Due to these a priori factors, the traditional gravimetry approach where the

volume is partitioned into blocks (of constant density) has several disadvantages: (1) a large number of

blocks are needed to approximate the density changes, (2) it is difficult to describe the fact that the sought

density changes result from the OWC movement, and (3) there is no straightforward means to translate

block densities into the OWC location.

In this case, a different approach was used for the inversion in which the density changes are described

through the OWC location and necessary a priori information is taken from a reservoir simulation. The

advantages of this method are (1) that the a priori information is used already in the model of sought

density changes, (2) the inversion gives immediately the OWC location, and (3) a reasonable result can

be obtained even from measurements in a few boreholes.

In the microgravity modeling in this field case, a priori information was introduced assuming the

density changes �diff(r) at a grid cell location r � (x, y, z) during a given time interval [t1, t2] are connected

with the water saturation changes Sdiff(r) � S(r, t2) � S(r, t1) by the formula �diff(r) � �(r)(�water �

�oil)S
diff(r), where �(r) is the porosity and �water and �oil are the water and oil densities. In this case, water

and oil densities of 1.06 g/cm3and 0.85 g/cm3, respectively, were used as input. A gravity field change is

defined by the vertical component of the gravity field measured at sensor points in a borehole:

where V is the volume of the part of the reservoir where the density changes occurs.

Description of Field, Reservoir and Reservoir Simulation Data Set

In this paper, a realistic simulation of a giant Middle Eastern oil field is used for a surface microgravity

sensitivity study. The oil field composed of two main naturally fractured carbonate reservoirs (Lyngra et

al. 2013, Marsala et al. 2013), separated by a thick non-permeable zone. The Upper reservoir is prolific,

while the Lower reservoir is relatively tight and highly fractured. The reservoir pressure data from the

early production period confirmed communication between the two reservoirs through several large scale

fractures crossing the non-permeable zone. In the Lower reservoir, well log observations show a variable

oil/water distribution. No direct measurements of fluid saturations are available in the inter-well areas.

Both reservoirs have been under peripheral water flood during most of the production period.

The entire reservoir used in simulation is shown in Fig. 2. The reservoir is divided into 36 layers. A

simulation history match and prediction was carried out for an 86 year time period. A summary output

time step of 1 year was used to determine the water saturation in each grid cell. The simulation data set

Figure 2—The Reservoir Section Utilized in the Simulation
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shows that the fluid movement occurs mainly in the Upper reservoir (layers 1–26), which is consistent

field performance and reservoir description.

The cube in Fig. 2 shows the area that was used for forward and inverse gravity modeling. The gravity

modeling was done for the years 25-30 and limited to only the top 26 layers (Upper reservoir). Fig. 3

offers some examples of the model water saturation and water flooding saturation changes over time. The

upper left panel (Fig. 3a) displays the water saturation in year 25 in model layer 18. For comparison, the

year 30 water saturation in the same layer is the upper right panel (Fig. 3b). The water saturation changes

from years 25 to 30 in the lower left panel (Fig. 3c) clearly demonstrate the flood front movement in layer

18 over the five year period. The lower right graphic (Fig. 3d) shows the water saturation changes in same

area in cross-sectional view. The green lines are OWC lines where the saturation (oil or water) equals

15%.

Reservoir Model Simulation Analyses

As mentioned in the section Background for Middle East Field Case for Gravity Monitoring of

Large-scale Hydrocarbon Water Fronts adequate bitmap description of the density changes caused by the

OWC propagation would require enormously many blocks and would complicate the inversion and

location of the OWC line. Our approach is to reduce the number of unknowns and describe the sought

density changes by a model which includes

1. OWC line in each reservoir layer;

2. the water saturation profile in each layer as a function of the distance to the OWC line.

We keep the OWC line as the only sought parameter determined through inversion of the gravity data,

while the water saturation profile is the a priori information extracted from the reservoir simulation.

This basic idea needs two amendments. First, in view of the large reservoir thickness and different

properties of layers, each layer has its own OWC line, namely the OWC line in the lower layers is ahead

of that in the upper layers. In our model we seek for the OWC line in one (reference) layer only. The

distances between the OWC lines in the other layers and that in the reference layer are supposed to be

given a priori and determined like the saturation profiles from the reservoir simulation. Second, we deal

with the changes in the time interval [t1, t2] rather than the absolute values at a particular time. It means

that either both OWC lines at t1 and t2 are sought or one of them (naturally, the one at t1) is given. Also,

Figure 3—Examples of Water Saturation and Water Saturation Changes in Model Layer 18
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from the reservoir simulation we actually extract the profile of water saturation changes rather that the

saturation itself.

Analysis of the reservoir simulation and extraction of the a priori information goes as follows. Fix t1
and t2 and consider the area of the reservoir where the density changes happen. For each ti, i � 1, 2, in

every layer k draw the line on which the water saturation equals some small value (15% is assumed). This

is the true OWC line �k(ti). For the neighboring layeres k and k � 1 we find the average distance between

�k(ti) and �k�1(ti) and use it as a priori information as stated above.

To find the profile of water saturation changes in the k th layer, we pick up randomly a large number

of points between �k(t1) and �k(t2) and plot the water saturation versus the distance from the point to the

OWC lines. The plot clearly reveals the sought dependence (see Fig. 4a).

Other approaches to reduction of the number of unknowns are proposed by Davis et al. (2008),

Krahenbuhl and Li (2008), and Krahenbuhl et al. (2010).

In the next section we provided a detail definition of the model density changes that provides a basis

for inversion.

Definition of the Model Density Changes

Each grid cell is designated by r � (x, y, z). It is assumed that the water saturation is homogeneous in the

vertical direction within each layer and, hence, depends on the x, y-coordinate and the layer number k, S(r,

t) � Sk(x, y, t). For each layer k and time (t), the OWC line (�) is introduced:

Figure 4—Reservoir Simulation Saturation Output Analyses
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based on the cell oil saturation S0 equals some low value (15% is assumed). The reporting times t1 and

t2 are selected and for each layer number k, the saturation changes are evaluated:

The green lines in Fig. 3 show the OWC lines at reporting times t1 and t2, �k(t1) and �k(t2). For a given

point (x, y), di(x, y), is defined to be the distance from (x, y) to �k(ti) and w(x, y) � d1(x, y) � d2(x, y) is

the local width of the area of density changes. This analysis shows that the saturation depends mainly on

d2(x, y) and w(x, y). In Fig. 4a, the saturation changes are shown versus d2(x, y) for a large number of

random points between �k(t1) and �k(t2) for w(x, y) close to 600m. Thus, from the reservoir simulation,

the approximate statistical dependence of the saturation changes (d2, w) is obtained such that

is approximated well by (d2(x, y), w(x, y)). The red line in Fig. 4a describes the average

saturation changes. The 2D plot in Fig. 4b shows the average saturation changes as a function of d2 and

w � d1 � d2.

If the connection between front lines �k(t) in different layers at a fixed time (t) is considered, it is

observed that the OWC lines in lower layers are moving ahead of the flood front in the upper layers (see

cross-section, Fig. 3d). The average distance between �k(t) and �k�1(t) is defined as . Analysis of the

simulation results show that the distance measured at different points along the OWC lines does not differ

much from the average values (as displayed in Fig. 4c). Fig. 4c displays the mean distance between

the OWC lines in neighboring layers (red) and the mean square deviation from (green).

We introduce the values (see Fig. 4d):

where k0 is the number of an assumed reference layer. Consequently, the OWC line �k(t) is ahead of

�k0(t) by the distance (this distance is negative if k � k0). From Fig. 4d, it is evident that the OWC

crossing the full Upper reservoir section (layers 1-26) extends for ~1000m laterally at any given point in

time. Fig. 4d presents the distance from the OWC lines to that in the 18th (reference) layer.

The mean saturation changes (d2, w) and distances are used in constructing a model of density

changes for gravity modeling purposes.

A reference layer k0 is chosen and and are the sought OWC lines at t1 and t2 in the reference

layer. Using the a priori information determined above, the model density changes are defined as:

where k is the number of the layer containing the point r � (x, y, z) and di is the distance from (x, y)

to . The meaning of this formula is that, for a given point r � (x, y, z) within the reservoir, we

determine the number k of the layer which contains this point and the distances d1 and d2 to the sought

OWC lines and in the reference layer k0. Then we take the distance d2 � from r to the OWC

line in the k th layer (which is ahead of that in the k0 th layer for k � k0 and behind for k � k0) and the

local width d1 � d2 of the saturation changes zone. Finally, the model saturation change is multiplied

by the density contrast and porosity. It is worth to note that the unknowns are only the OWC lines and

, while the other parameters are a priori information obtained from the reservoir simulation. The flood

front lines are defined by interpolation using 500m spacing between simulation output points.

Inversion

Once the model density changes are introduced, the model gravity changes are calculated

by the formula:
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where the integral is calculated by the Monte-

Carlo method. The inversion minimizes the func-

tion:

where S is the number of sensor points rs and

are the measured gravity field changes.

The true changes were calculated directly from the

reservoir model plus random error. The minimiza-

tion is carried out by the steepest descent method.

Inversion of Synthetic Data

As described in the Description of Field, Reservoir

and Reservoir Simulation Data section, the Upper

reservoir (layers 1-26) simulated saturations in the

region shown as a cube in Fig. 2 were used for

forward and inverse gravity modeling of the time

period 25-30 years. Fig. 5a shows nine pseudo mea-

surement boreholes located with 500m spacing. The

measurements are made along the boreholes with

10m increments from 100m below to 400m above

the top reservoir. The bottom panel (Fig. 5b) shows

the gravity field changes in the colored boreholes.

The color of the gravity changes and color coded

borehole location are the same. The signal in the

borehole close to the OWC line reaches 20 �Gal at

the top reservoir.

In the boreholes close to the OWC, the gravity

field changes reach 10-20 �Gal. It should be noted

that the plots show much larger variation within the

reservoir (-100 m to 0 m) than above its top (0 m to

400 m). This illustrates that the borehole gravity

measurement data acquired within the reservoir near

the OWC are more sensitive to the sought density

changes than those further away. For the inversion,

the computed gravity field changes are contami-

nated with 5 �Gal noise.

Fig. 6 shows the gravity field changes at three

different depths: (a) on the surface, (b) 500m above

top reservoir and (c) top reservoir depth. It is clear

that for the top reservoir case, the changes are much

more substantial than for the two other cases. Moreover, the gravity field changes downhole better reflect

the density changes caused by the OWC movement. This clearly demonstrates the advantages of borehole

data over surface data for monitoring of OWC movements.

The corresponding maximum values for the surface, 500m above the top reservoir and on top reservoir

are 6, 23, and 108 �Gal, respectively. The changes in the bottom Fig., Fig. 6c, reflect well the structure

Figure 5—Gravity Field Changes in Boreholes

Figure 6—Gravity field changes at different depths: on surface (upper

panel), 500m above the reservoir top (middle panel), and on top reser-

voir (lower panel).
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of the density changes caused by the OWC movement, while the surface data is oversmoothed and lacks

resolution.

For the inversion, the unknown OWC line is parameterized by 9 points with spacing 500m (the same

as for boreholes). The actual profiles of saturation changes and distances were obtained from the reservoir

simulation (Fig. 4b and Fig. 4d). The reference layer is the 18th layer. The initial guess is the straight line

500m apart from the line of boreholes. The black and white density plot, shown in Fig. 7a, displays the

density changes from inversion in the 18th layer. The red lines are the model OWC lines at t1 and t2. The

green lines are the true OWC lines, as output from the simulation model. The fit is equal to 7.2 �Gal. The

accuracy depends on the distance from the OWC line to the measurement boreholes.

A good agreement is observed near the measurement boreholes in the central section. For most

locations the gravity inverted OWC lies within 50-100m from the true front. The greatest deviation is

170m (near the blue borehole). In the upper part (towards y�8000), where the boreholes are located more

than 500m from the WOC line, the inversion is poor. The poorer reconstruction at the bottom section

(towards y�4000) is explained by the small width of the density change area and proximity to the

modeling region boundary. Fig. 7b presents the density changes in a cross-section located at y�6000m.

Figure 7—Density Changes Obtained by Inversion of the Simulated Gravity Data.
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The proposed algorithm was also applied to inversion of surface gravity data alone using 500m

Cartesian grid. The resulting OWC (see Fig. 8 blue lines) is slightly different from the initial guess (the

straight line x�10000m). At the same time, residual model gravity fit is 0.2�Gal which is significantly

less than the precision of the existing technology surface measurements, as discussed in The Basic

Principles of Microgravity section, but higher than the tool precision of ~0.01 �Gal recommended by

Alshakhs et al. as the required tool precision to allow a successful inversion of surface gravity data.

However, for some locations, the resulting OWC is distant from the true OWC by more than 500m. This

illustrates that for this example, the uncertainty of the inversion for the location of the OWC from surface

data alone is more than 500m.

Conclusions

Using a priori information is crucial for the quality of inversion of gravity data. In reservoir monitoring,

the a priori information can be obtained from reservoir simulation output, once the geometry of the

reservoir, properties of the layers, and the flooding regime are known. An algorithm is shown to illustrate

how to extract and use this information to reduce the number of unknowns and guide the inversion towards

likely outcomes and eliminate impossible scenarios.

This inversion of simulated time-lapse gravity data demonstrates the potential of the 4D gravity

measurements. For the modeled field used, a typical Middle Eastern giant reservoir, the added value of

using borehole gravity data rather than surface gravity data is obvious from the much better defined

position of the calculated (inverted) OWC. For microgravity to be a serious alternative for inter-well

saturation mapping for oil fields under waterflood, the borehole gravity measurement hardware devel-

opment needs to be given significant R&D priority.
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