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A B S T R A C T   

Heavy oil is considered an important alternative for traditional fossil fuels. Exploring and developing heavy oil 
reservoirs require time-lapse seismic data for dynamic monitoring of the reservoir elastic parameters and 
determining of the temperature field to evaluate the fluidity of the heavy oil. The key is establishing a rela
tionship between the temperature and seismic elastic parameters to convert the elastic field into a temperature 
field. Therefore, a temperature-dependent rock physics model for heavy oil sand must be established. In this 
study, we investigated the temperature-dependent elastic wave velocities of natural and artificial heavy oil sands. 
The modified contact cement theory and the solid Gassmann equation were combined to construct a 
temperature-dependent rock physics model. The proposed model can predict variations in elastic wave velocities 
along with temperature changes in both natural and artificial heavy oil sands. Based on the model results, we 
propose a possible mechanism for the temperature-dependent elastic wave velocity of heavy oil sands, namely, 
the weakening of heavy oil cementation is the main controlling factor in the elastic wave velocity sensitivity of 
heavy oil sands. A temperature-dependent rock physics template (TDRPT) is proposed to diagnose the temper
ature, and the diagnostic results were verified using natural heavy oil sands. Our proposed model and TDRPT are 
essential tools to guide the thermal production of heavy oil reservoirs.   

1. Introduction 

Heavy oil reservoirs are essentially unconventional fossil fuel re
sources, and heavy oil reserves number almost three-fold those of con
ventional oil reservoirs worldwide (Meyer and Attanai, 2003). Further 
relevant exploration and development have facilitated the discovery of 
additional heavy oil reservoirs. However, heavy oil has high viscosity 
and cannot flow freely under in situ formation conditions; therefore, it is 
difficult to pump out. 

Previous research has shown that temperature strongly affects the 
viscosity and elastic properties of heavy oil. An increase in temperature 
causes a rapid decrease in the viscosity and velocity of heavy oils (Wang 
and Nur, 1988; Han et al., 2006; Rojas et al., 2008; Yuan and Han, 2013; 
Yuan et al., 2016, 2018; Martinez et al., 2012; Li et al., 2016; Rabbni and 
Schmitt, 2018). Thermal recovery has been proven as the most efficient 
method for developing heavy oils. Therefore, dynamic monitoring of the 
temperature and physical differences in heavy oil reservoirs is necessary 
for thermal recovery (Zhao et al., 2017). For this purpose, geophysical 

methods, such as time-lapse seismic analysis, are applied conventionally 
(Schmitt, 1999; Nakayama et al., 2008). The rock physics model can 
build the relationship between seismic and heavy oil reservoir param
eters. This model, therefore, is highly significant to establishing the 
temperature-velocity relations for heavy oil sands. 

Temperature-dependent velocities of heavy oils have been investi
gated in laboratory studies (Han et al., 2006). Heavy oil can be divided 
into three stages according to its elastic response at different tempera
tures, namely, solid, quasi-solid, and liquid, as shown in Fig. 1. Glass 
point refers to the temperature at which the viscosity of heavy oil rea
ches 1012 Pas. Liquid point is the temperature corresponding to heavy oil 
viscosity of 1 Pas. Generally, heavy oil under formation conditions is 
mostly in the quasi-solid phase. Therefore, a primary method for 
developing heavy oil is to increase the temperature of the reservoir to 
reduce the viscosity, such that it can be converted from a quasi-solid to a 
liquid phase. 

The temperature-dependent rock physics experiments for heavy oil 
sands have been reported in recent years. Yuan et al. (2016) investigated 
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the temperature-dependent elastic properties of natural heavy oil sands 
in Alberta oilfield. Han et al. (2019) synthesized artificial heavy oil 
sands by controlling the ratio of heavy oil to quartz sand and measuring 
their elastic wave velocities at different temperature conditions. Yuan 
et al. (2020) experimentally investigate the temperature-dependent 
elastic properties of rock frame and two samples from Alaska and 
Alberta are compared, justifying the roles of bitumen and rock frame 
during the heating process. Li et al., 2022 measured elastic wave ve
locities for heavy oil sands samples under different saturations. Yuan 
et al. (2021) experimentally study the elastic wave velocities for North 
Sea heavy oil sands under changing pressure and temperature. These 
related experiments have important guiding significance for the mech
anism and rock physics modeling of the temperature dependence of 
heavy oil sands. 

Building a temperature-dependent rock physics model is compli
cated owing to the temperature-dependent elastic properties and phase 
changes of heavy oil during the heating process. However, various so
lutions have been proposed. For instance, Kato et al. (2008) proposed 
statistical rock physics models based on experimental data under 
different pressure and temperature conditions. Ciz and Shapiro (2007) 
extended the Gassmann equation (GE) for solid heavy oil saturation, and 
obtained a solid Gassmann equation (SGE) for rock physics modeling of 
heavy oil sands. Gurevich et al. (2008) employed the Cole–Cole and 
Maxwell models to study the frequency effects of heavy oil sands under 
different temperature conditions. To study the dispersion of heavy oil 
sands, Wang et al. (2017) modeled the viscoelastic properties of non
permeable porous rocks saturated with a highly viscous fluid at seismic 
frequencies and core scale. Wolf et al. (2006) established a rock physics 
model for heavy oil sands according to the heavy oil phases, with the 
heavy oil assumed to be cement in the pore space and the contact cement 
theory (CCT, Dvorkin et al., 1994) employed in the model. In the liquid 
phase, the GE is used to perform fluid substitution, whereas, in the 
quasi-solid phase, a temperature-related parameter is defined by arith
metically averaging the velocities of heavy oil sands between the solid 
and liquid phases of heavy oil (Dvorkin et al., 1994; Dvorkin and Nur, 
1996; Gassmann, 1951). Yuan et al. (2016) introduced frame damage 
and solid oil proportion parameters to develop a new rock physics 
model. Zhang et al. (2018) employed the Xu–White model (Xu and 
White, 1995) to describe the temperature-dependent elastic wave ve
locities of heavy oil sands. Guo and Han (2016) considered the distri
bution of heavy oil in sand to establish rock physics models for heavy oil 
sands. However, all the studies mentioned neglected to investigate the 
effects of the temperature in heavy oil cementation on the 
temperature-dependent elastic properties. Accordingly, the focus of our 
study was building a temperature-dependent rock physics model that 
considers the cementation effect of heavy oil. 

The paper is structured as follows. First, we introduce two sets of 

experimental data for natural and artificial heavy oil sands that include 
factors such as porosity, the relationship between temperature and the 
moduli of heavy oil, and that between temperature and the velocities of 
heavy oil sands, respectively. Second, we constructed a rock physics 
model based on the modified CCT and SGE. Third, we discuss the 
possible temperature-dependent mechanism of heavy oil sands and we 
estimate the temperature using a temperature-dependent rock physics 
model. Relevant conclusions bring the manuscript to a close. 

2. Experimental data analysis 

We used two experimental datasets from previous publications to 
study the temperature-dependent elastic wave velocities of heavy oil 
sands. One dataset pertains to natural heavy oil sands (Yuan et al., 2016) 
and the other to artificial heavy oil sands formed by mixing quartz sand 
and heavy oil (Han et al., 2019). The porosities of the samples are pre
sented in Table 1. Additional experimental data and the details are 
available in the cited publications. 

The porosities of the natural heavy oil sands are generally high, 
ranging from 34.88% to 44.24%, whereas those of artificial heavy oil 
sands are relatively low, ranging from 20.23% to 25.85%. These results 
are ascribed to the compaction pressure of the artificial samples (15 
MPa) being higher than that of the natural samples (Yuan et al., 2016; 
Han et al., 2019). 

2.1. Temperature-dependent elastic properties of heavy oil 

The heavy oil of the natural samples derives from Alberta, Canada, 
whereas that of the artificial samples derives from the Shengli Oilfield, 
Eastern China. The American Petroleum Institute gravity (the API unit 
used to characterize the density of oil) indicates that the gravities of 
these oils differ, as well as their liquid points and temperature- 
dependent properties, as shown in Table 2. 

The Rock Physics Laboratory of the University of Houston (USA) 
conducted numerous tests and gathered statistics on various fluids. 
Based on their experimental results, the Fluid of Applied Geophysics 
(FLAG) program was proposed to predict the elastic properties of fluids 
at different temperatures and pressures. We employed the FLAG pro
gram to predict the temperature-dependent bulk and shear moduli of the 
heavy oils from Alberta and Shengli. Negative linear relationships exist 
between the bulk modulus and temperature fitted by Equations (1) and 
(2), as shown in Fig. 2a. 

KA ho = − 0.014T + 3.1242, (1)  

KS ho = − 0.0116T + 2.61, (2)  

where KA ho and KS ho represent the bulk moduli of the Alberta and 
Shengli heavy oils, respectively, and T represents the temperature. 

Negative nonlinear relationships exist between the shear modulus 
and temperature, as shown in Fig. 2b. When the temperature is lower 

Fig. 1. Elastic velocities of heavy oil related to temperature in three phases 
(modified after Han et al., 2006). Here, Vp and Vs represent P- and S-wave 
velocities, respectively. 

Table 1 
Porosity of natural and artificial heavy oil sands.  

Sample No. Type Porosity (%) Remarks 

22#1 Natural sample 34.88 Pre-steam 
22#2 Natural sample 43.17 Pre-steam 
22#3 Natural sample 37.75 Pre-steam 
23#1 Natural sample 41.06 Post-steam 
23#2 Natural sample 44.24 Post-steam 
23#3 Natural sample 40.77 Post-steam 
9#1 Natural sample 41.25 Pre-steam 
9#2 Natural sample 38.19 Pre-steam 
APL-1 Artificial sample 25.85 Oil/sands mass ratio = 1:8 
APL-2 Artificial sample 23.66 Oil/sands mass ratio = 1:9 
APL-3 Artificial sample 21.81 Oil/sands mass ratio = 1:10 
APL-4 Artificial sample 20.23 Oil/sands mass ratio = 1:11  
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than the liquid point, the shear modulus decreases rapidly along with 
the increasing temperature. In comparison, when the temperature is 
higher than the liquid point, the shear modulus decreases to zero. The 
temperature-dependent shearing properties of the heavy oil of Alberta 
differ from those of Shengli because Alberta heavy oil has more light 
carbon components. The statistical relationships between the shear 
modulus and temperature are as follows: 

GA ho = 10317 ∗ T − 3.846, (3)  

GS ho = 157.9 ∗ T − 3.059, (4)  

where GA ho and GS ho represent the shear moduli of the heavy oil from 
Alberta and Shengli, respectively. 

2.2. Temperature-dependent elastic properties of heavy oil sands 

The ultrasonic pulse transmission method was applied to measure 
the elastic velocities of natural and artificial heavy oil sands under 
different temperature conditions (Yuan et al., 2016; Han et al., 2019). 
Figs. 3 and 4 show the temperature-dependent P- and S-wave velocities 
of the natural and artificial heavy oil sands, respectively. 

The velocities of both the natural and the artificial samples decrease 
along with an increase in temperature. The velocities of the artificial 
samples are significantly higher than those of the natural samples 
because of lower porosity caused by high compaction pressure. The re
sults also indicate that the natural samples are more temperature 
dependent than the artificial samples, as shown by a comparison of their 
temperature change rates. 

The velocity–temperature relationship of the artificial samples shows 
two apparent stages, namely when the temperature is lower than the 
liquid point, both P- and S-wave velocities decrease rapidly along with 
increasing temperature; however, when the temperature is higher than 
the liquid point, the velocity decreases only slightly. When the tem
perature is higher than the liquid point, the heavy oil changes from a 
quasi-solid state to the liquid stage (see Fig. 1), and the elastic properties 
of the heavy oil abruptly change, i.e., its shear modulus abruptly 
changes to zero. No obvious variations could be detected in the velocity 
change rate of some natural samples before and after the liquid point. 

Furthermore, the relationships between the velocity, porosity, and 
mass fraction of the heavy oil are not monotonous in either the natural 
or the artificial heavy oil sands. The mass fraction of heavy oil (Vm) in 
the artificial heavy oil sands was in the following order: 
VmAPL− 1 > VmAPL− 2 > VmAPL− 3 > VmAPL− 4, and the porosity showed the 
same behavior: φAPL− 1 > φAPL− 2 > φAPL− 3 > φAPL− 4. However, the cor

Table 2 
Liquid point, API gravity, and elastic modulus of heavy oil under different 
temperature conditions.  

Source area Properties 

Liquid 
point (◦C) 

API 
gravity 

Bulk modulus 
(GPa) 

Shear modulus 
(GPa) 

20 ◦C 100 ◦C 20 ◦C 100 ◦C 

Heavy oil from 
Alberta 
(Canada) 

57 7.5 2.8 1.7 0.1 0.0002 

Heavy oil from 
Shengli 
(China) 

43 15 2.4 1.5 0.02 0.0001  

Fig. 2. Cross-plots of elastic modulus and temperature of heavy oil. (a) Bulk modulus and temperature; (b) shear modulus and temperature.  
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responding P-wave velocity (Vp) and S-wave velocity (Vs) showed 
different changes in the order of VpAPL− 3 > VpAPL− 2 > VpAPL− 4 > VpAPL− 1 
and VsAPL− 2 > VsAPL− 3 > VsAPL− 4 > VsAPL− 1. These phenomena indicated 
that in addition to porosity and the heavy oil content, other factors 
control the elastic wave velocity of heavy oil sands. 

Previous study has shown that the rock skeleton of heavy oil sands is 
also temperature-dependent and it can be damaged during heating 
(Yuan et al., 2020). Heavy oil, as the cement in heavy oil sands, will 
affect elastic properties of rock skeleton. We speculate that the weak
ening of the cementation of heavy oil leads to the change of rock skel
eton, because heavy oil sands’ variation trends are similar to heavy oil’s 
velocity-temperature trends (Fig. 1). Therefore, we will construct a rock 
physics model considering heavy oil cementation in the next section. 

3. Rock physics modeling 

Considering the cementation effect of heavy oil, we used the modi
fied CCT in Equations (5) and (6) to calculate the temperature- 
dependent elastic modulus of the dry rock frame (Guo and Han, 2016). 

Keff =
Gho(T)

(
1 − νho(T)

)

1 − 2νho(T)

C(1 − φo)

3(1 + E )
Sn, (5)  

Geff =
3
5

Keff +
3Gho(T)C(1 − φo)

20(1 + E )
Sτ, (6)  

where Keff and Geff are the bulk and shear moduli of the dry skeleton of 
the heavy oil sands, respectively; Gho(T) and νho(T) are the temperature- 
dependent shear moduli and Poisson’s ratio of the heavy oil, respec
tively; Sn and Sτ represent normal and tangential stiffness; φo is the 
original porosity; C is the coordination number; E is the contact 
thickness of the cement. The heavy oil content is related to the cemen
tation radius, α, defined as (Mavko et al., 2009): 

α= a/R, (7)  

where a represents the radius of the heavy oil layer, R is the radius of the 
grain. When the heavy oil is distributed around the particles (called 
over-coating cement), which, in this study, is employed to describe the 
natural samples because of the high heavy oil content, the cementation 
radius (Mavko et al., 2009) α is 

α=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(φo − φ)
3(1 − φo)

√

, (8)  

where φ represents porosity. When the heavy oil is distributed at the 
contact point of grains, called contact cement, which describes the 
artificial samples in this study because of the high compaction pressure 
and lower heavy oil content, the cementation radius α is 

Fig. 3. Cross-plots of P-wave velocity and temperature. (a) Natural heavy oil 
sands of Alberta; (b) artificial heavy oil sands of Shengli. The black solid line 
indicates the liquid point. Fig. 4. Cross-plots of S-wave velocity and temperature. (a) Natural heavy oil 

sands of Alberta; (b) artificial heavy oil sands of Shengli. The black solid line 
indicates the liquid point. 
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α=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

− 2E + 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E
2
+

4
3C

φo − φ
1 − φo

√√
√
√
√ . (9) 

The dry framework moduli of heavy oil sands can be calculated by 
combining Equations (5)–(9). We used solid Gassmann Equations (10) 
and (11) to calculate the elastic moduli of heavy oil saturated sands. 

Ksat =Keff +

(
1 − Keff

/
Kgr

)2

φ
Kfl(T)

+ 1− φ
Kgr

−
Keff
K2

gr

, (10)  

Gsat =Geff +

(
1 − Geff

/
Ggr

)2

φ
Gfl(T)

+ 1− φ
Ggr

−
Geff
G2

gr

, (11)  

where Ksat and Gsat are the bulk and shear moduli of the heavy oil 
saturated sand, respectively; Keff and Geff are the bulk and shear moduli 
of the dry frame calculated with Equations (1) and (2), respectively; 
Kfl(T) and Gfl(T) are the temperature-dependent bulk and shear moduli 
of heavy oil; Kgr and Ggr are the bulk and shear moduli of the matrix 
grain, respectively. Then, the P- and S-wave velocities can be calculated 
using the following equations: 

Vp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Keff +

4
3Geff

ρeff

√

, (12)  

Vs =

̅̅̅̅̅̅̅̅
Geff

ρeff

√

, (13)  

where Vp and Vs represent the P- and S-wave velocities of heavy oil 
saturated sands, respectively. ρeff represents the effective density of the 
heavy oil sands and is calculated using the following equation: 

ρeff =(1 − φ)ρgr + φρho, (14)  

where ρgr and ρho represent the densities of the matrix grains and heavy 
oil, respectively. The temperature-dependent elastic wave velocities of 
the heavy oil sands can be calculated by combining Equations (5)–(14). 
The input parameters are listed in Table 3. 

For comparison, we combined the Hertz–Mindlin model with the 
Hashin–Shtrikman lower bound (HMHS model, Dvorkin and Nur, 1996) 
and the SGE to model the elastic wave velocity of the natural heavy oil 
sands samples (Yuan et al., 2016). We chose sample 22#1 as a reference 
to analyze the modeled results, as shown in Fig. 5. 

The comparison indicates that the P- and S-wave velocities calcu
lated by HMHS are significantly higher than the experimental results, in 
particular the S-wave velocities, whereas the velocities calculated by the 
modified CCT are close to the experimental results. This finding 
reasonably indicates the temperature-dependent elastic properties of the 
natural samples. The HMHS model is known as an unconsolidated 

sandstone model (noncement model). The reason for the lower predic
tion results of the modified CCT compared with those of the unconsol
idated sandstone model is probably overestimation by the 
unconsolidated sandstone model of the contact stiffness of the rock, as 
this model assumes that the particles are in direct contact. In natural 
heavy oil reservoirs, particles are more likely to be in contact with heavy 
oil than in direct contact (Yuan et al., 2016). However, the proposed 
model does not accurately match the test results. When heavy oil 
cementation is weakened, the properties of the skeleton could change 
nonlinearly. Microscopic behaviors, such as translation and rotation of 
sand particles are complex and random and challenging for models to 
characterize; therefore, perfect matching is difficult. 

We used the same modeling technique of modified CCT to predict the 
elastic wave velocities of artificial sample APL-1, as shown in Fig. 6. The 
model input parameters are listed in Table 3. The predicted elastic wave 
velocity shows a temperature-related trend. The relative errors are 
shown in Fig. 7 for both the natural and the artificial samples are less 
than 10%, and the predicted errors are temperature dependent. 
Accordingly, the parameters in the modified CCT, such as cementation 
thickness, should also be temperature dependent. We noticed a non- 
monotonic change in the error–temperature relation of sample APL-1. 
The rock physics model assumes stable contact between skeleton 

Table 3 
Parameters for modeling natural and artificial samples.  

Parameters Values 

Bulk modulus of matrix grain: Kgr 37 GPa 
Shear modulus of matrix grain: Ggr 44 GPa 
Density of matrix grain: ρgr 2.65 g/cm3 

Parameters for natural sample 22#1 
Original porosity: φon 0.4 (volume fraction) 
Porosity:φn 0.35 (volume fraction) 
Cementation thickness: E 0.052 (dimensionless) 
Coordination number: Cn 7.5 (dimensionless) 
Parameters for artificial sample APL-1 
Original porosity: φoa 0.36 (volume fraction) 
Porosity: φa 0.26 (volume fraction) 
Cementation thickness: E 0 (dimensionless) 
Coordination number: Ca 9 (dimensionless)  

Fig. 5. Modeling and experimental P- (a) and S-wave (b) velocities of sample 
22#1. The black dashed line with triangles, and the red and blue dashed lines 
represent the experimental data modeled by the modified CCT and HMHS, 
respectively. 
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particles. However, heavy oil cementation gradually weakens along 
with an increase in temperature, which could lead to unstable contact 
between the particles and could cause sudden changes in elastic veloc
ities. This model cannot be employed to simulate mutations in elastic 
wave velocity. 

4. Discussion 

4.1. Temperature-dependent mechanism of elastic properties of heavy oil 
sands 

Previous rock physics models do not consider cementation effects, 
but treat heavy oil as filling pores or being part of the rock frame to 
explain the mechanism of temperature-dependent elastic wave veloc
ities. In this study, we treated heavy oil as cement in heavy oil sands and 
we used the modified cemented theory to simulate the temperature- 
dependent elastic wave velocities of both artificial and natural heavy 
oil sands. We found that the weakening of cementation could be a 
possible mechanism for the temperature-dependent elastic properties of 
heavy oil sands. 

However, such interpretation requires more evidence, such as vari
ations in the microstructure of heavy oil sands with increasing 

temperature. In future research, we suggest developing experimental 
technologies for dynamic computed tomography scan imaging to 
examine changes in the contact between the particles and heavy oil 
during a temperature rise. 

4.2. Diagnosing the temperature of heavy oil sands 

Based on the modified rock physics model, we constructed a 
temperature-dependent rock physics template (TDRPT), a cross-plot of 
Poisson’s ratio and P-wave impedance, to estimate the temperature 
stage of heavy oil sands. Details on the workflow follow.  

1) Use the FLAG program to calculate the temperature-dependent 
elastic modulus of the heavy oil.  

2) Use the core data to determine parameters in the temperature- 
dependent rock physics model.  

3) Investigate the influence of different cementation thicknesses and 
temperatures on Poisson’s ratio and P-wave impedance based on 
rock physics modeling.  

4) Superimpose the actual and modeled data on the TDRPT and 
reasonably adjust the input parameters, such as the coordination 
number and original porosity, to keep the TDRPT consistent with the 
actual data.  

5) Estimate the temperature of heavy oil sands according to the TDRPT. 

Based on the above workflow, we used the rock physics parameters 
of sample 22#1 to establish a TDRPT, as shown in Fig. 8. The P-wave 
impedance decreases with an increase in cementation thickness and 
temperature. If the temperature is lower than the liquid point, Poisson’s 
ratio rapidly increases along with the increasing temperature. If the 
temperature is higher than the liquid point, when the cementation 
thickness is 0, Poisson’s ratio slowly decreases as the temperature rises. 
When the cementation thickness is 0.0625, Poisson’s ratio slowly in
creases as the temperature rises, and when the cementation thickness is 
between 0.015 and 0.05, Poisson’s ratio remains nearly unchanged as 
the temperature rises. Therefore, Poisson’s ratio is influenced by the 
joint effect of temperature and cementation thickness. The diamond dots 
on TDRPT in Fig. 8 show the temperature-dependent elastic properties 
of sample 22#1. When the temperature is higher than 90 ◦C, the TDRPT 
measures the temperature of the sample extremely well. When the 
temperature is below 90 ◦C, although errors occur in estimating the 
sample temperature, the TDRPT still depicts the trend in temperature 

Fig. 6. Modeling results for artificial sample APL-1. (a) The black solid and the 
dashed lines represent experimental P- and S-wave velocities, respectively. The 
solid red and green lines represent the predicted P- and S-wave velocities, 
respectively. 

Fig. 7. Cross-plot of relative errors and temperature.  

Fig. 8. TDRPT for sample 22#1. The diamond dots represent the experimental 
data, and the circle dots represent the modeling results. The black dashed line 
represents the liquid point line. The blue and red numbers represent the 
cementation thickness and temperature, respectively. 
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change in sample 22#1. Accordingly, considering the elastic properties 
of subsurface heavy oil reservoirs inverted from seismic reflection data 
on the TDRPT, the heavy oil reservoir temperature can be estimated by 
using surface seismic data. However, accurate estimation of the sub
surface temperature by TDRPT remains challenging owing to the influ
ence of several other factors, such as the shale content, mineral types, 
and coordination number. 

The proposed TDRPT could guide the dynamic detection of heavy oil 
reservoirs, evaluate the heating range of heavy oil, and evaluate the 
recoverability of the heavy oil. Moreover, the proposed TDRPT lays the 
foundation for quantitative seismic evaluation of heavy oil sand reser
voirs. The elastic modulus–temperature relationship of the heavy oil 
should be obtained before employing TDRPT. Subsequently, the basic 
geological background of the target zone should be determined, such as 
the lithology of the framework, range of porosity, and compaction de
gree (coordination number). Such information could be obtained from 
the well-logging data of drilling records. Compared with traditional 
experimental empirical relationships, the TDRPT we developed is 
quantitative, generalizable, and easy to use. 

Further, the elastic wave velocities of both the natural and the arti
ficial samples were measured during this study using ultrasonic waves 
with a frequency of 105–106 Hz (Yuan et al., 2019; Han et al., 2019), 
whereas the frequency of the seismic elastic properties ranged from 10◦

to 102 Hz. Previous studies (Schmitt, 1999; Gurevich et al., 2008) have 
indicated that heavy oil sands at low frequencies (10◦–102 Hz) show 
higher temperature sensitivity compared with those at high frequencies 
(104–106 Hz). Therefore, when processing seismic data, it is necessary to 
modify the proposed TDRPT for low-frequency seismic waves. The effect 
of temperature on the cementation of heavy oil under low-frequency 
conditions remains unclear. Studies on both frequency-variant and 
temperature-dependent rock physics modeling for heavy oil sands are 
challenges that need to be resolved in the future. 

5. Conclusion 

In this study, we used natural and artificial heavy oil sands as ex
amples to study their temperature-dependent elastic wave velocities. 
The experimental data showed that the elastic wave velocities of both 
natural and artificial heavy oil sands decreased with increasing tem
perature. Both types of samples showed different temperature sensitiv
ities, ascribed to the different types of heavy oils. The elastic wave 
velocities of the artificial samples were systematically higher than those 
of the natural samples because of higher compaction pressure. 

We proposed a temperature-dependent rock physics model for heavy 
oil sands based on the modified CCT and SGE. The proposed model was 
verified by both natural and artificial heavy oil sands, and the predicted 
errors of the P-wave and S-wave velocities were lower than 10%. We 
proposed a possible mechanism for the temperature-dependent elastic 
properties of heavy oil sands, namely, the temperature-dependent 
elastic properties of heavy oil sands could be caused by the weakening 
of heavy oil cementation with an increasing temperature. Based on our 
proposed model, we presented a TDRPT to diagnose the temperature, 
which we verified using the natural heavy oil sand samples. The pro
posed temperature-dependent rock physics model and TDRPT provide 
significant guidance for the development and evaluation of heavy oil 
thermal production. 
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