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Some physical processes such as oil and gas development, metal deposit collection, and groundwater resource migration can cause
density changes, for which microgravity monitoring is the most intuitive method to monitor the density change process. Based on
the basic principle of microgravity measurement and the idea of multiscale separation, a multiscale, second-order, surface-fitting,
residual gravity anomaly extraction method is proposed to separate superimposed microgravity fields. In this method, regional
fields of different scales are fitted and calculated successively with the measurement points as the center, so as to separate the
gravity anomalies produced by different-depth density bodies. Results from actual data show that this method extracts the
reservoir’s residual density characteristics of plane gravity anomaly on the basis of remaining oil distribution characteristics,
consistent with reservoir numerical simulation results. A three-dimensional least-squares inversion of the method for
extracting residual gravity anomaly was carried out, with the inversion results consistent with the results of vertical remaining

oil distribution characteristics and well-test production results.

1. Introduction

Heavy oil is a type of high-viscosity crude oil with high
asphaltene and gum content. In China, heavy oil reservoirs
are important, widely distributed petroleum resources,
among which the Liaohe, Shengli, and Xinjiang oilfields all
have large reserves. In order to fully utilize the reservoir
and improve oil recovery, it is critical to describe the charac-
teristics of remaining oil in the process of reservoir produc-
tion and then to formulate a comprehensive reservoir
adjustment plan and stimulation measures.

At present, there are relatively few methods to monitor the
distribution of remaining oil. Among them, microgravity
exploration has become an excellent reservoir-monitoring
method, having the advantages of overall monitoring, low
cost, no impact on production, nondestructive monitoring,
and independence from well verification. With continuous
improvement in the accuracy of gravity instruments and con-

tinuous progress in technical algorithms, the applications for
gravity data are expanding [1]. The gravity exploration
method has gradually expanded from understanding regional
structural characteristics [2], delineating rock mass range [3],
indicating metallogenic prospects [4], seeking local structure
[5], and determining stratigraphic rock occurrence [6] to look-
ing for oil and gas resources [7] and describing fluid dynamic
changes in oil reservoirs and other fields.

By observing changes in surface gravity data and moni-
toring changes in oil and gas reservoir density, microgravity
exploration can effectively reflect dynamic changes in fluid
in the oil and gas reservoir development process and can
effectively describe the distribution of remaining oil in heavy
oil reservoirs, which is an important link in the dynamic reg-
ulation of heavy oil thermal recovery—tapping the potential
of remaining oil and prolonging the development life cycle
of heavy oil reservoirs. Microgravity-monitoring results for
the Alaska Prudhoe Bay gas field have verified that the
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time-lapse microgravity anomaly can reflect density change
caused by water injection in the reservoir and can guide
the designs of water injection and enhanced oil recovery
[8]. Subsea gravimeters have been used to monitor the
height of water-gas contact in water injection gas reservoirs
in offshore Norway with an accuracy of meter level [9]. In
the Liaohe oilfield, time-shift microgravity monitoring has
been used to quantitatively describe changing steam cham-
ber shape during steam-assisted gravity drainage (SAGD)
production, providing a reliable basis for adjusting the steam
injection scheme [10]. Previous research results have shown
that microgravity exploration is suitable for anomalies
caused by density changes from displacement and migration
of underground fluids in oil and gas reservoirs, with the key
solution being to accurately separate the residual gravity
anomalies representing reservoir density. At present, the
commonly used gravity anomaly separation methods are
the filtering method, trend analysis method, peeling method,
and nonlinear method [11]. For the filtering method, if the
filter is in the nonzero phase, the anomaly extreme point will
shift, and there will be significant error when applied to
gravity anomaly separation. Affected by the near-source field
of the target source, the trend analysis method has difficulty
extracting the regional anomaly; the separated local field
contains the near-source field information, resulting in
anomaly illusion. The premise of the peeling method is to
establish a known density model, obtain the anomaly
through forward modeling, and then subtract the forward-
modeling anomaly from the observed anomaly to obtain
the residual anomaly; the accuracy of the established density
model directly affects the accuracy of the residual gravity
anomaly, and although this method is invalid for regional
anomalies, it is effective for near-source effects and high-
frequency anomalies. The nonlinear method separates
microgravity anomalies and is characterized by multiscale
and locality; its disadvantage is asymmetry of surface fitting
resulting in distortion of the separated anomaly shape.

In this paper, a multiscale, second-order, surface-fit-
ting, residual gravity anomaly extraction method is pro-
posed. This method combines the multiscale element of
the nonlinear separation method and the basic principle
of the surface-fitting method. Second-order surface fitting
is carried out at different scales to obtain the regional field
at the corresponding scale, and then, the calculated
regional field is subtracted from the Bouguer gravity
anomaly or the regional field at the previous scale to
obtain the residual gravity anomaly at this scale. The
regional field at different scales can be separated from
the residual anomaly and so on, so as to obtain the resid-
ual gravity anomaly representing the density of the target
area and then explain and analyze the research target.
Through forward modeling and field-test verification, the
accuracy and reliability of the extraction results of this
method were studied in detail.

2. Forward Modeling

Gravity anomaly is the derivative of the additional gravity
generated by the residual mass of the geological body to
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TaBLE 1: Forward-modeling parameters.

Length Width Thickness Depth of Residual density

No- T m) m)  top (m) (glem?)
Al 4000 5000 1500 1500 0.15
A2 3000 7000 1500 1500 -0.10
A3 1500 3300 1500 1500 0.10
Bl 400 1600 400 400 -0.25
B2 400 1000 400 400 0.25
B3 600 800 400 400 0.25
B4 600 900 400 400 0.25
B5 600 2400 400 400 -0.25
Cl 100 200 100 100 0.50
C2 100 200 100 100 -0.50
C3 100 100 100 100 0.50

the unit mass at the detection point in the gravity direction.
According to the formula of universal gravitation, it can be
deduced that the gravity anomaly of a geological body is

Ap(xv’yv’ ZV) ) (zi _ZV)
i_xv)2 + (yr _yv)z + (Zi _Zv)

dx,dy,dz,,

(1)

Ag(xpy,2;) = GI.UV [(x

2} 32

where Ag(x;,y;,z;) is the derivative of gravity along the Z
direction at any coordinate point (x,,,,2,), G is the uni-
versal gravitation constant, V is the volume of the geolog-
ical body, and Ap(x,,y,z,) is the residual density
difference of a volume element in the geological body
coordinate (x,,,,z,).

For a reservoir under heavy oil thermal recovery, the
buried depth and thickness of the reservoir are known.
According to Equation (1), the microgravity value moni-
tored on the surface is mainly controlled by the density
change in the reservoir. According to Biot’s theory [12],
the original density of reservoir p can be calculated by [13]

P:(l_(p).[(l_Vsh)'PM+Vsh'psh]+¢'Pl’ (2)

where ¢ is reservoir porosity, V, is the shale content in the
reservoir, and p,,, py,, and p; are rock skeleton density, argil-
laceous density, and liquid density in the reservoir,
respectively.

After heavy oil thermal recovery development, the reser-
voir density can be expressed by

P=(1=6)-[(1= V) pa+ Var Pl 6= [(1=80) - 21+ S,y .
(3)
where S, is the saturation after steam injection thermal

recovery and p, is injected steam density for thermal
recovery.
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FIGURE 1: Forward modeling of geological body location.

After a period of thermal recovery, the change in reser-
voir density is expressed by

Ap=¢- (pg—pz) Sy (4)

The basic principle of microgravity monitoring for a
thermal recovery reservoir can be obtained by combining
Equations (4) and (1).

[pg(xv’yv’ Zv) - Pl(xv’yv’ Zv)] . (zz' - Zv)
[ =x,)7 + (=2, + (2 -2,)7) "

Ag(xpyp21) =G ¢ ngj,fv dx,dy,dz,.

(5)

Equation (5) shows that for a specific reservoir, the
microgravity-monitoring result is directly proportional to
the steam saturation in the reservoir porosity. The formula
shows the microgravity-monitoring results to be indicative
of dynamic changes in fluids in the reservoir.

The Bouguer gravity anomaly obtained from surface
observation is the superposition of gravity anomalies gener-
ated by all density bodies in the microgravity exploration
area (including the gravity anomaly represented by Equation
(5)). The gravity anomaly represented by Equation (5) is
separated from the Bouguer gravity anomaly by the multi-
scale, second-order, surface-fitting method. The implemen-
tation process is as follows:

Assuming the observed Bouguer gravity anomaly is g
(x,9,0), via the multiscale nonlinear method, its expres-
sion can be

Gpg(%9:0) =G+ 91 =9+ I+ 90 =93+ I 9+ 953 >

(6)

[49,):= 91, = 9.} = 2. 900 (7)

where (x,y,0) represent the ground coordinates, g, g,
gj3> -+ represent local anomalies of different scales, and
[Ag,]; is the residual gravity anomaly at the i scale,
where i=1,2,3,4.

The local fields [g,]; at different scales are obtained by
the second-order surface-fitting method. Located in a small
area centered on a point (m, n,0), g, can be expressed as

g, =a, +a1x+a2y+a3xy+a4x2 +a5y2, (8)

where x, y is the distance from the point in the area to the
center point. Then, the sum of error squares at each point
is expressed as

E(g.9,) = ). ) (g(isj) - 9,(i, )%, 9)

ij
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FIGURE 2: Gravity field distribution of the forward modeling.

where i and j are taken in the area with the point as the cen-
ter (m, n).

Firstly, the second-order surface coefficient (ay, a,, a,,
as, a,, ds) is obtained by the least-squares method, and then,
the same operation is carried out for each point to obtain the
regional field value of each point under the corresponding
scale. Next, the residual gravity anomaly under the corre-
sponding scale is calculated by Equation (7), and finally,

the reasonable scale is determined according to the detection
target depth and relevant geological data. The residual grav-
ity anomaly generated by density body in the depth range of
microgravity detection target is obtained.

2.1. Modeling. In order to verify the method, a model for
identifying the effect of gravity separation was adopted in
this study. The model was first proposed by Guo et al
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FIGURE 3: Residual gravity anomaly maps at different scales.

[14]. The model parameters are shown in Table 1, and the
model distribution is shown in Figure 1.

The model is divided into 3 classes (A, B, and C) com-
posed of 11 cuboids at different depths. The abnormal body
with positive residual density simulates the deposits with
high density such as metal ore, while the negative residual
density simulates the karst cave, the steam cavity, and the
abnormal body with low density and high porosity. For the
abnormal bodies, class A represents deep background fields,
such as basement fluctuation and background density body
deeper than the target layer; class B represents the studied
target body, which is an effective signal to be retained in
the separation process; class C is removed as a shallow inter-
ference signal in some cases and is retained as a research tar-
get in some cases, such as shallow steam-channeling
research.

For the model, an observation system with a sampling
interval of 10m and survey network of 2001 x 2001 is used
for forward-modeling simulation. The forward-modeling
results are shown in Figure 2(a).

For simulating the distribution of gravity fields, random
Gaussian noise with a standard deviation of 0.2 x 107> m/s”

is added to the theoretical gravity anomaly (Figure 2(b)).
Figure 2 shows the superposition results of anomalies gener-
ated by various geological bodies at different depths, testing
the feasibility of the anomaly extraction method in depict-
ing, distinguishing, and multiscaling local details.

2.2. Separated Result Analysis of Forward Modeling. The
multiscale, second-order, surface-fitting method proposed
in this paper extracts the residual gravity anomalies of the
gravity field generated by the model at different scales (2"
times the sampling interval). The calculation results accord-
ing to Equation (7) are shown in Figure 3: among the resid-
ual gravity anomalies separated at different scales, the
anomalies generated by various geological bodies are gradu-
ally displayed with the continuous increase of scales; they are
consistent with geological body location.

In previous studies, Guo et al. [14] and Shi et al. [15]
used a variety of methods to carry out anomaly separation
experiments on the forward gravity field of the model. It
was found that although these methods can extract the resid-
ual gravity anomalies generated by the model geological
body, they cannot distinguish the residual gravity anomalies
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generated by the geological body at different depths—and
not at multiscale. The multiscale surface-fitting method can
effectively separate the regional field at different depths from
the residual field without distortion of local anomalies. The
anomaly extraction results are more accurate and
amplitude-preserved than other methods.

From the analysis of forward-modeling results, it can be
seen that the multiscale, second-order, surface-fitting gravity
anomaly extraction method proposed in this paper has the
following advantages:

(1) It is multiscale and supplies local description of
anomalies without introducing abnormal distortion
along the X and Y directions.

(2) The residual gravity anomaly of each scale can reflect
the gravity effect produced by the abnormal body at
different depth levels. The scale can be selected
according to the exploration target, and the abnor-
mal position is clear and accurate.

(3) It has a strong ability to suppress random noise with-
out involving any empirical formula or parameters
in anomaly extraction. Therefore, it is not susceptible
to subjective influence and has a good theoretical
basis and experimental effect.

3. Field Application

In 2019, microgravity monitoring was carried out in a heavy
oil reservoir development area in Xinjiang. Using the multi-
scale, second-order, surface-fitting method proposed in this
paper, the residual gravity anomaly representing the density
body in the reservoir was extracted according to the scale
determined by the buried depth range of the exploration tar-

get, and the residual oil distribution was described in slices.
In addition, based on the gravity anomaly generated by the
reservoir density volume extracted by multiscale surface fit-
ting, the reservoir density volume was obtained using the
three-dimensional (3D) least-squares inversion method,
and the remaining oil distribution was characterized verti-
cally. Finally, the horizontal and vertical characterization
results of remaining oil distribution were verified by well
data and production performance data.

3.1. Horizontal Characterization of Remaining Oil
Distribution. The residual gravity anomaly results obtained
by the multiscale, second-order, surface-fitting method rep-
resenting the density in the reservoir are shown in
Figure 4. On the whole, the warm-color area with a relatively
high amplitude of residual gravity anomaly indicates rela-
tively high reservoir density, high remaining oil saturation,
and significant remaining oil development potential. The
cold-color area with a relatively low amplitude of residual
gravity anomaly indicates relatively low reservoir density,
low steam sweep, low saturation of remaining oil, and low
remaining oil development potential.

In order to verify the depiction results of microgravity
monitoring on the plane, the reservoir density was simu-
lated and calculated using the numerical simulation
method, combined with the actual production perfor-
mance data, logging, and other basic data, after which
the weighted average result of reservoir density by depth
was obtained. In Figure 5, the warm-color area with a rel-
atively high density value represents high residual oil satu-
ration. On the contrary, the cold-color area with a
relatively low-density value represents low residual oil sat-
uration. Comparing Figures 4 and 5, the distribution
results from microgravity monitoring for the areas with
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FIGURE 6: Inversion density profiles along different horizontal wells.

high and low residual oil saturations are consistent with
the residual oil distribution results obtained by the numer-
ical simulation method, verifying the residual oil distribu-
tion results from microgravity monitoring on the plane.
Therefore, the distribution of residual oil above differ-
ent sections of the horizontal well can be described
according to the microgravity-monitoring results, as
shown in Figure 4, where the red section of the horizontal
well indicates the reservoir above the well section having
high residual oil saturation, the black section indicates

medium residual oil saturation, and the white section indi-
cates low residual oil saturation.

3.2. Vertical Characterization of Remaining Oil Distribution.
Figure 6 shows the density body section along the horizontal
well direction. On the whole, the reservoir density is shown
to gradually decrease from the horizontal well position to the
top of the reservoir, indicating a high recovery degree of the
upper reservoir and the remaining oil being mainly distrib-
uted in the middle and lower parts of the reservoir. Along
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wells HW22, HW23, and HW24, the remaining oil is shown
to be mainly distributed in the middle section, and along
well HW25, the remaining oil is shown to be mainly distrib-
uted in the middle and end sections.

Figure 7 shows density body sections along the source
direction (Figure 7(a)) and perpendicular to the source
direction (Figure 7(b)). The comparison shows the reservoir
density between wells along the material source direction
being relatively low, indicating the degree of remaining oil

production as high and the connectivity along the material
source direction being better.

As can be seen from Figures 6 and 7, the density of the
reservoir decreases from bottom to top. The remaining oil
is mainly distributed in the middle and lower parts of the
reservoir, which are macroscopically antirhythmic in the
vertical direction. At the same time, the remaining oil is
affected by steam overlap, resulting in quality deficit and
density reduction in the upper part of the reservoir, highly
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corresponding to production injection ratio and low remain-
ing oil content. The steam sweep degree in the lower part of
the reservoir is low, and oil and water accumulate in the
lower part of the reservoir under the effect of gravity, which
is characterized by increased mass, increased density, low
production injection ratio, and high residual oil.

Well data verified the characterization results of residual
oil distribution in the vertical direction from microgravity
monitoring. First, temperature tests on well 192 and well
234 were used for well temperature monitoring. The peak
temperature area is the steam chamber development area;
the reservoir density in this area should be low. The inver-
sion density body sections are along well 192 and well 234
(Figure 8). It can be seen that the depth range of the low-
density area of the inversion density body along the well is
consistent with the depth range of the low-density area of
the corresponding well temperature monitoring—verifying
the accuracy of extracting and characterizing the residual
gravity anomaly generated by reservoir density using the
multiscale, second-order, surface-fitting method.

Then, the production performance data were used to
further verify the description results of residual oil distribu-
tion in the vertical direction from microgravity monitoring.
The statistics of all production performance data from the
microgravity exploration block show the recovery degrees
of J,q,>" and J,q,” layers to be 26.4% and 19.7%, respec-
tively, indicating low remaining oil saturation in the upper
part of the reservoir and high remaining oil saturation in
the middle and lower parts. The microgravity-monitoring
results for remaining oil distribution in the vertical direction
are consistent with the production performance results. The
single-well production performance statistics show the reser-
voir area with the low-production-injection-ratio well to
have a relatively high reservoir density and relatively high
residual oil saturation. On the contrary, the reservoir area
with the high-production-injection-ratio well is shown to
have a relatively low corresponding reservoir density and
relatively low remaining oil saturation. It can be seen that
the microgravity-monitoring results are consistent with the
statistical results of single-well production performance data
(Figure 9)—further verifying the accuracy of the residual
gravity anomaly characterized by reservoir density extracted
by multiscale, second-order surface fitting.

4. Conclusions

(1) In this paper, a multiscale, second-order, surface-
fitting separation method of gravity anomalies is
proposed; it is suitable for separating microgravity
field anomalies. This nonlinear method is more sen-
sitive to abnormal signal changes and does not cause
abnormal distortion. The anomaly extraction result
is accurate, and the amplitude remains unchanged.

(2) Compared with the traditional gravity anomaly sep-
aration method, the proposed method can effectively
separate the gravity anomalies of anomaly bodies at
different depths and can accurately describe the spa-
tial distribution and edge characteristics of anomaly
bodies.

(3) The separation method was applied for a field test of
microgravity residual oil characterization. The grav-
ity anomaly representing the residual density of the
reservoir extracted based on the multiscale, second-
order, surface-fitting method can effectively charac-
terize the distribution of remaining oil in the hori-
zontal and vertical directions. The reservoir
numerical simulation results and production perfor-
mance data verify the reliability of the results, and
the 3D density distribution provides a reliable basis
for the development of remaining oil.
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