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Terrestrial heat flow plays an important role in the study of plate tectonics, geothermal resource exploration and earthquake genesis. The measurement of terrestrial heat flow usually utilizes deep boreholes, which is expensive and inconvenient for high altitudes or mountainous terrain. In hydrothermally active areas, the temperature distribution is disturbed by heat convection, resulting in difficulty in obtaining conductive heat flow. In fact, heat can be used as a tracer to quantify groundwater flow. This article presents a method for calculating terrestrial heat flow suitable for hydrothermally active areas, which can correct the influence of groundwater flow to obtain the conductive heat flow reflecting the deep thermal background. The method uses temperature-time series at multiple depths of the shallow crust to calculate the groundwater flow rate. The convective heat flux component is then removed based on information on groundwater movement, and the conductive heat flow can be acquired. The feasibility of the method is verified by a theoretical model. This method has been applied to estimate terrestrial heat flows in northwestern Yunnan, China, which is a hydrothermally active area. The heat flow obtained through our method range from 54.5 to 130.3 mW/m2, with an average of 94.5 mW/m2, consistent with the high-quality measured heat flow values in the boreholes. This study provides new perspectives for acquiring terrestrial heat flow in areas that are affected by fluid activities.
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1 INTRODUCTION
The terrestrial heat flux is a fundamental output of the dynamic solid Earth’s heat engine (Davies, 2013). Therefore, a better understanding of terrestrial heat flow provides a constraint on the thermal structure of the crust and lithospheric mantle and hence on lithospheric rheology (Liu et al., 2005; Furlong et al., 2013; He, 2015; Liu et al., 2016; Njinju et al., 2019; Zhu et al., 2022). The estimation of terrestrial heat flow can also play a role in applications such as hydrocarbon, geothermal and mineral exploration (Zhang C. et al., 2018; Prol-Ledesma and Morán-Zenteno, 2019).
Terrestrial heat flow is the heat energy transmitted from the Earth’s interior to the Earth’s solid surface by conduction or convection in units of time. Conductive heat flux refers to the heat flux transmitted along the geothermal gradient per unit area, which is determined by the product of the geothermal gradient and thermal conductivity and can better reflect the deep thermal state of a region (He and Wang, 2021). In a homogeneous medium, if heat is under pure conduction conditions, the temperature gradient should remain unchanged. When the curve is not linear, it indicates that there may exist a heat flux disturbance in the area (Hu and Xiong, 1994). In fact, when the subsurface fluid migrates, it causes thermal convection to change the temperature field. The heat flux in the hydrothermally active area is easily disturbed. How to eliminate the influence of groundwater flow on terrestrial heat flow estimation is an important topic in geothermic research (Mansure and Reiter, 1979; Wang et al., 2021). Hu and Xiong (1994) achieved good results in heat flow correction in the southeastern coastal areas of China. However, drilling to great depths is not easy to operate at high altitudes or in mountainous areas.
To remove the influence of fluid movement, it is necessary to obtain information on groundwater flow. The temperature of the near surface fluctuates periodically (Anderson, 2005; Soto-López et al., 2011), and periodic temperature fluctuations disappear at deep depths, with a stable geothermal gradient. Using heat as a tracer, subsurface fluid migration information can be effectively determined (Rau et al., 2014; Irvine et al., 2017; Kurylyk and Irvine, 2019; Liu et al., 2019). If we acquire the groundwater flow velocity, the convective heat flux can be corrected.
To calculate the groundwater flow rate using temperature information, researchers have carried out much work. As early as the 1960s, a classical solution was proposed by Bredehoeft and Papaopulos (1965). By setting the temperature at the top and bottom boundaries, the temperature-depth profile was used to estimate the groundwater flow rate, which was later named the Bredehoeft and Papaopulos method (BP method). In the 1970s, this solution was improved, and a graphical temperature-depth (TD) analysis method similar to the BP method was developed (Mansure and Reiter, 1979). Their method quantified the influence of horizontal and vertical heat fluxes on the TD profile and near-surface groundwater flow rate by mapping the relationship between the temperature gradient and temperature. At the beginning of the 21st century, the BP method was deduced as a multilayer algorithm (Shan and Bodvarsson, 2004). In this model, each layer can have different thermal conductivities, which makes the estimation of the groundwater flow rate relatively accurate. Later, the improved BP method obtained the analytical solution of the semi-infinite domain equation with only one boundary (Turcotte and Schubert, 2002). Their conceptual model has a large constant temperature thermal reservoir at a large depth, which is equivalent to a boundary without heat conduction at the bottom of the model to facilitate the calculation of the groundwater flow rate. At the end of the 20th century, some scientists realized that the transient effects of land surface temperature changes caused by deforestation, urbanization or climate change can induce changes in the slope of the temperature curve (Taniguchi et al., 1999a). The initial temperature and the top boundary temperature are expressed by linear functions, indicating a linear climate warming rate and a linear initial ground temperature gradient, which expanded the application field of the method (Taniguchi et al., 1999b). Later, some researchers questioned the use of the linear initial temperature to represent the steady-state temperature-depth distribution (Macquarrie and Kurylyk, 2014). Researchers recommend adding an additional exponential term to the initial conditions to take into account the curvature of the temperature change so that the initial temperature is sufficiently flexible. Based on these methods, a solution with flexible initial temperature and boundary conditions was derived (Kurylyk and Irvine, 2016). Then, a method for calculating the groundwater flow rate by the Excel table loading term was proposed and named Flux-LM (Kurylyk et al., 2017). The groundwater flow rate can be obtained by inputting temperature-depth data, a medium thermal conductivity and fluid volume heat capacity.
In this paper, a new method is proposed for estimating terrestrial heat flow through long-term observations of bedrock temperature, which can correct for the influence of hydrothermal activity on heat flux. The method can be implemented through temperature observations in shallow boreholes, which may be applied in mountainous areas where deep boreholes are rare. We first establish a terrestrial heat flow correction method based on long-term temperature observations to remove the influence of groundwater-induced heat convection and use a numerical model to verify its effectiveness. Then, based on multiyear observational data from six bedrock temperature observation stations in northwestern Yunnan, China, the groundwater flow velocity is obtained. Finally, the corrected terrestrial heat flow value is estimated and compared with the measured heat flow values of boreholes in the study area.
2 METHODS
2.1 Calculation principle
Assuming that the area of temperature measurement is lacking other heat sources, the heat transfer equation in a one-dimensional uniform medium is:
[image: image]
where T is the temperature of depth z at time t, ρ is the density of the fluid, c is the specific heat capacity of the fluid, K is the thermal conductivity of the bedrock, and v is the vertical velocity of the fluid (positive downward).
Assuming that the velocity of the fluid is constant in the temperature measurement interval, the uncorrected heat flux q(z)=K∙dT/dz is substituted into Eq. 1:
[image: image]
where z0 is the minimum depth of the temperature measurement, and z'=z-z0, that is, the thickness relative to the minimum temperature measurement depth; β=ρcvL/K, and it is a dimensionless constant. L=zb-z0, zb is the maximum depth of the temperature measurement.
By solving Eq. 2, the vertical heat flow distribution after the vertical disturbance of fluid flow can be obtained:
[image: image]
where q0 is the corrected heat flux at z0. The temperature distribution after perturbation in the permeable layer can also be expressed as a function of depth z’ and β/L:
[image: image]
where T0 is the temperature at z0. The corrected heat flux q0 can be obtained by least squares fitting of the temperature data at different depths.
Eq. 4 shows that if the temperature at different depths and the vertical velocity of groundwater are obtained, the influence of groundwater movement on heat flux can be removed to acquire the conduction heat flow reflecting the deep thermal background. It should be noted that Eq. 4 can be valid when flow velocity is greater than 1×10−21 m/s. When the groundwater flow rate is less than 1×10−21 m/s, the heat conduction equation is more applicable.
Kurylyk et al. (2017) proposed a method to calculate the fluid velocity of aquifers according to temperature data at more than three depths. The calculation can be performed by an Excel table named Flux-LM. In Flux-LM, more than three temperature-depth sequences, the specific heat capacity of the fluid, the thermal conductivity of the rock, and the thickness of the temperature measurements are input as required to obtain the velocity of the underground fluid in the temperature measurement segment. Then, the value of β can be calculated using the velocity of the underground fluid. When we obtain β, the least squares method can be used to fit the temperature-depth data, and the conduction heat flux q0 can be obtained according to Eq. 4.
2.2 Theoretical model verification of the method
To test whether the method is valid, we conducted a theoretical model that contains a bottom conductive heat flow and a seepage layer. The model is one-dimensional and 500 m long. It is assumed that the upper 30 m is the seepage layer with a vertical velocity of −6×10-9 m/s. The thermal conductivity of the saturated medium is 2.12 W/mK, and the volume heat capacity of the medium is 2.836×106 J/m3K. The top boundary of the model is given a sinusoidal temperature boundary with an amplitude of 8°C and an average of 10°C. The bottom boundary is assumed to have a heat flux of 65 mW/m2. The model ran for 3 years and output a set of sinusoidal temperature time series at different depths. We calculated the conductive heat flow using the temperature data through the method in Section 2.1.
The temperature time series at depths of 0 m, 5 m, 10 m, 15 m, 20 m, 25 m and 30 m are used for calculation (Figure 1A). First, the average value of temperature fluctuation is obtained by fast Fourier transform for the temperatures with an obvious annual period, and those without an annual period were calculated as the mean value during the time period. Then, the multiyear average temperature value of each depth was obtained. The temperature gradient obtained from the temperature-depth sequence is 3.698×10−2°C/m, and the heat flux obtained directly from the measured temperature is 78.3 mW/m2, which is larger than the heat flow value given at the boundary of the theoretical model. This indicates that upward groundwater migration significantly increases the temperature gradient so that the heat flux value obtained from the measured temperature is higher than the given conductive heat flow. Then, using the Flux-LM table, the flow velocity of the model is calculated to be −6.07×10−9 m/s, and thus, β=−0.36. The temperature-depth data are fitted by the least squares method using Eq. 4, and the corrected heat flux q0=65.1 mW/m2, which coincides with the given value in the theoretical model.
[image: Figure 1]FIGURE 1 | The temperature-time series obtained by the theoretical model (A) and the comparison between the calculated and theoretical temperature-profiles (B).
The corrected heat flux value is 14.2 mW/m2 lower than the heat flux obtained directly from the measured temperature. The influence of thermal convection on the heat flow calculation is almost completely eliminated. The absolute value of the difference between the theoretical temperature value and the estimated temperature calculated by Eq. 4 is less than 0.02°C, indicating that the above heat flow correction method is reliable.
3 APPLICATION TO NORTHWESTERN YUNNAN
3.1 Measuring point information
The study area is located in the Lijiang-Midu subregion of Yunnan, China, which has a middle to high heat flow background (Wang et al., 1990). The area is the intersection zone of the Lijiang-Xiaojinhe fault, Weixi-Qiaohou-Weishan fault, Chenghai-Binchuan fault and NW-trending Red River fault. Since the Neoid, the vertical fault activity has been quite active, and there are Himalayan magmatic activities, such as the basic volcanic rock of Xiangguo Temple in the northeastern Erhai Lake and the trachyte of the Jianchuan Heihui River (Xing et al., 1986). Many earthquakes have occurred in the study area in the past 7 years; most of the magnitudes are 3-6, and one earthquake had a magnitude greater than 6 (Yang et al., 2022). There are 40°C–80°C hot springs in this area, with a total flow of 599 L/s and a total release of 1.35×104 kcal/s, indicating that they are hydrothermal convection-type and residual magmatic heat-type hot springs. Carbonate rocks are widely distributed, and the thermal storage space is large (Yao et al., 1983).
At the end of 2017, a bedrock temperature observation network was established by the Institute of Geology, China Earthquake Administration (Figure 2). The measuring points are mainly located in the Chenghai-Binchuan fault, the middle section of the Red River fault, the Lijiang-Xiaojinhe fault and the Yushichang-Qiaohou section of the Weixi-Qiaohou-Weishan fault in northwest Yunnan. The specific information of the measuring points is shown in Table 1.
[image: Figure 2]FIGURE 2 | Distribution of the bedrock temperature observation sites in the northwestern Yunnan, China.
TABLE 1 | Measuring point information in northwestern Yunnan.
[image: Table 1]The borehole diameter of each observation point is 89 mm. After installing the temperature sensor, the borehole was sealed with cement slurry to couple the temperature sensor with the bedrock. The sampling interval of the temperature sensor is 5 min, and the measurement resolution is 10−4°C (Zhang Z. H. et al., 2018). In each borehole, multiple temperature sensors were installed at different depths to carry out continuous temperature observations. Among them, eight temperature sensors were installed at the MD, DL and ZNC observation points, with maximum depths of 34.9 m, 37.1 m and 42.9 m, respectively. Six temperature sensors were installed at the EY site, with a maximum depth of 34.5 m. Four temperature sensors were installed at the LJ site, with a maximum depth of 24.5 m. Three temperature sensors were installed at the GYG site, with a maximum depth of 61.1 m.
3.2 Data preprocessing
The bedrock temperature in northwestern Yunnan has been continuously observed since July 2017. Four years of continuous data have been recorded thus far. Considering the influence of heat release during cement solidification, we selected the data of the first 3 months to fit the trend line of cement heat release and analyzed the data after removing the cement heat release trend. Figure 3 shows the temperature change with time at different depths for the six bedrock temperature measuring points. There are obvious annual periodic temperature variations in the near-surface, and temperature changes are small at deep depths.
[image: Figure 3]FIGURE 3 | Recorded multidepth temperatures at the measurement points in the northwestern Yunnan. (A) The MD site. (B) The EY site. (C) The ZNC site. (D) The DL site. (E) The LJ site. (F) The GYG site.
Before estimating fluid movement characteristics from temperature information, the data need to be preprocessed. The preprocessing of temperature data mainly includes the following three steps.
(1) Data screening. The data segment with a complete annual period of multiyears is selected.
(2) Data filtering. The spurious data and high-frequency noise are eliminated.
(3) Supplementing the missing data through the linear interpolation method. If an abundance of data are missing, the TREND function in Excel is used to complete the temperature variation trend.
3.3 Calculation steps
After preprocessing the temperature measurement data, the fluid movement information can be obtained by using the temperatures at different depths, and finally, the corrected heat flux can be acquired. The specific process includes the following.
(1) The temperature data of the first 2–3 months at each measuring point depth were used for curve fitting to obtain the heat release trend of cement. The cement exothermic value was then subtracted from the original bedrock temperature data.
(2) The bedrock temperature data were filtered to eliminate spurious data and high-frequency noise. The data affected by the filtering distortion at the beginning and end were not used.
(3) At depths with obvious annual cycle variations, the multiyear average temperature T was obtained using a fast Fourier transform, and the average temperature for multiple years was calculated at depths without an obvious annual cycle. The thermal conductivity K of the saturated rock was obtained by measurement of the drilled lithologic samples of the observation point. Then, the temperature information at different depths and thermal parameters were input into Flux-LM to obtain the groundwater flow velocity and flow direction.
(4) The thickness L of the permeable layer was estimated from the borehole lithology and local hydrogeological conditions. The corrected heat flux was calculated by Eq. 4 when the most approximate temperature-depth curve was fitted by the least squares method.
4 RESULTS
The change in the bedrock temperature with time after data preprocessing is shown in Figure 4. The temperature measured in the shallow layer has good annual periodic characteristics, and the temperature in the deep layer is relatively stable and does not show periodic fluctuation. The average bedrock temperature at each depth of the measuring point is shown in Figure 5. Some temperature-depth curves of the measuring point are close to linear, such as the LJ site, while the curves of some measuring points are obviously concave, such as the EY, DL and GYG sites, and the curves are convex at some measuring points, such as the MD and ZNC sites.
[image: Figure 4]FIGURE 4 | Temperatures-time series of the measuring points after removing the cement exothermic trend and filtering high-frequency noise. (A) The MD site. (B) The EY site. (C) The ZNC site. (D) The DL site. (E) The LJ site. (F) The GYG site.
[image: Figure 5]FIGURE 5 | Comparison of the measured and calculated temperatures at the observed depths and their Root Mean Squared Errors (RMSE). (A) The MD site. (B) The EY site. (C) The ZNC site. (D) The DL site. (E) The LJ site. (F) The GYG site.
The thermal conductivity and volumetric heat capacity of the borehole cores were measured by a Hot Disk TPS2500S thermal constant analyzer at the Geothermic Geology Laboratory of China University of Petroleum (Beijing). The samples were derived from intact cores and tested in a saturated state in the laboratory to meet the field conditions as closely as possible. If in situ measurements were conducted, the thermal parameter values would be more accurate. For example, the thermal conductivity can be measured within an error of approximately ±10% with in situ thermal response tests (TRT), where a heat transfer fluid flowing in a ground heat exchanger is heated with an electric element and the resulting temperature perturbation is monitored (Wagner and Clauser, 2005; Raymond et al., 2011; Lee et al., 2012).
In the calculation, the uniform medium model was used to obtain the groundwater flow rate, except for the EY measuring point, which used the double-layer medium model. This is because there is an obviously different lithology in the observation depth range of the EY site, where the 17.2–30.0 m depth interval is gray sandstone with a thermal conductivity of 0.9698 W/mK, but the 30.0–34.6 m depth interval is red mudstone with a thermal conductivity of 2.276 W/mK. Due to the layered lithology, the piecewise function fitting curve is used in the process of calculating the corrected heat flux.
Following the calculation steps in Section 3.3, the groundwater flow rates for the measuring points of the MD, EY, ZNC, DL, LJ and GYG sites were calculated to be −2.085×10-8, 3.420×10-8, −6.275×10−9, 9.467×10−9, −3.3456×10−9 and 3.171×10-8 m/s, respectively. A positive value corresponds to downward flow, and a negative value represents upward flow. The fluid flow velocity is small at the ZNC and LJ sites, while the flow velocity is large at the GYG and EY sites, and the fluid flow velocity is moderate at the DL and MD sites. The geographical location shows that there are great differences in the flow velocity of the measuring points in different regions, indicating that the groundwater activity is regional.
When the flow direction is different, the shape of the temperature-depth curve is also different. Analysis shows that due to the existence of a geothermal gradient, if the fluid flows upward from the high-temperature zone to the low-temperature zone, the deep temperature gradient would be reduced, while the shallow temperature gradient can be increased; thus, the curve is convex. If the fluid flows downward from the low-temperature zone to the high-temperature zone, the shallow temperature gradient is reduced while the deep temperature gradient increases, so the curve is concave.
The heat flux value calculated directly by the measured temperature using the product of its temperature gradient and thermal conductivity is termed the uncorrected heat flux. The heat flux was corrected for the convective component by using the estimated groundwater flow rate. The corrected heat flux was obtained through the nonlinear least squares method by taking the measured temperature-depth into Eq. 4. The corrected heat flux and the estimated temperature at each measuring point depth can be acquired. Table 2 shows the results of the calculated fluid velocity, temperature gradient, uncorrected heat flux and corrected heat flux at each measuring point. Figure 5 shows the root mean squared error (RMSE) between the estimated bedrock temperature and the measured values at different depths. The calculated temperature value is very close to the measured value, and the RMSE is less than 0.2°C. This means that the corrected heat flux is basically reliable.
TABLE 2 | Estimated groundwater velocity and corrected heat flux in northwestern Yunnan.
[image: Table 2]The relationship between the corrected heat flux and uncorrected heat flux is related to the groundwater flow rate. Downward groundwater flow would lead to a decrease in the heat flux, such as at the GYG, DL and EY sites, whereas the upward groundwater flow results in an increase in the heat flux, such as at the ZNC, LJ and MD sites. The correction of the heat flux can eliminate the influence of heat convection mentioned above. The greater the absolute value of the flow rate, the greater the portion to be corrected.
5 DISCUSSIONS
5.1 Characteristics of heat flow and its relationship with tectonic activity in northwestern Yunnan
In this paper, the corrected heat flux calculated from multidepth temperature time series was compared with the heat flow data measured from boreholes in the study area. The measured data are from the quality A category in the terrestrial heat flow data compilation of mainland China (Jiang et al., 2019), the data of which are representative of the regional thermal state. The comparison of the corrected heat flux and the measured data from previous studies (Figure 6) indicates that the results of the two sets of data show good consistency.
[image: Figure 6]FIGURE 6 | Estimated heat flux with convective effects removed, shown with the measured heat flow values from previous studies and the historical seismic events in the northwestern Yunnan. Measured heat flow data are from Jiang et al. (2019). Earthquake event refers to the historical earthquake list of China Earthquake Administration.
The terrestrial heat flow obtained through our method in the study area ranges from 54.5 to 130.3 mW/m2, with an average value of 98.5 mW/m2. Among them, the LJ sites in the northern part of the study area are in a medium heat flow area, and the ZNC, GYG and EY sites in the middle part of the area are in the high heat flow area. The DL and MD sites in the southern part of the area are in the middle to high heat flow area. The results are consistent with those of previous studies that indicated a significant horizontal geothermal change with a decreasing trend from west to east (Wang et al., 1990). The average heat flow in this area is high, and the variation between individual heat flow values is large, which is also consistent with the characteristics of the high heat flow area in the northern and southern parts of the region. These results indicate that the method in this paper is applicable to this area, which provides a new method for calculating the heat flow values in areas with strong groundwater activity and yields experience for heat flow studies in hydrothermally active areas.
The influence of tectonic activity may explain the heat flow distribution in the study area. The LJ site is located in the Gantangzi section of the Lijiang-Xiaojinhe fault. A fault event in this area might be formed by the overall collapse of the strata on the southern side of the basin due to strong vibration. The posterior edge of the collapse body is a normal fault, and the strata on the downthrown side are characterized by a reverse slope due to tilting. There is a significant extensional characteristic (Chen, 2007). Some studies have suggested that the fault is still in the earthquake cluster period but temporarily in the strain accumulation stage and is now in the quiet period (Wu et al., 2009). The geothermal background value in this area is low. The MD and DL sites are located at the intersection of the southern section of the Weixi-Qiaohou fault and the middle section of the Red River fault. Historically, the strong earthquake activity in the southern section of the Weixi-Qiaohou fault and the middle section of the Red River fault has not been significant. The largest earthquake that occurred was the 1984 Shanglan M 61/4 earthquake, so the area is characterized by a medium–high heat flow background. The EY site is located in the northern section of the Weixi-Qiaohou fault, close to Yangbi County, and the earthquake is active throughout history. The recent earthquakes in Yangbi County may indicate that the seismic activity in northwestern Yunnan has an increasing trend (Yang et al., 2022). This area is characterized by a high thermal background. The GYG and ZNC sites in Binchuan are located on the east side of the Binchuan Basin. The area has strong vertical fault movement, and the heat flow value is high.
The earthquakes in the study area are mostly in Yangbi County, Dali Prefecture, followed by Eryuan County, and there are also many seismic events with lower magnitudes in the towns surrounding Binchuan County. The comparison between the heat flow value and the seismic events might indicate that the strong neotectonic movement not only led to high geothermal characteristics in the activity center but also caused a relatively high geothermal background in the surrounding area.
5.2 The advantages and limitations of the method
At present, the calculation of terrestrial heat flow mainly occurs through oil boreholes in the basin (Liu et al., 2005; Zuo et al., 2020; Shi et al., 2022). There are many heat flow measurements in the basin relative to those in other areas, whereas few boreholes have been drilled in mountainous areas or plateaus. Our method that utilizes long-term temperature observations in shallow boreholes can be applied to some areas with high drilling costs, such as mountainous land. Furthermore, in areas with strong groundwater activity, the heat flux is often disturbed by groundwater migration. The movement of groundwater flow is accompanied by the migration of heat, which leads to misestimation of the heat flux from direct measurements of the temperature profile that cannot reflect the real thermal state of the area. Our method can correct the disturbance of convective heat flux to obtain a more accurate regional heat flow background. This method can be applied to the collection of preliminary data in engineering construction and scientific research because of its advantages of convenience, high efficiency and low-cost.
However, this method still has the following limitations. First, the difference between the corrected heat flux and the uncorrected heat flux is related to the flow rate of the groundwater, which indicates that the migration mode of groundwater affects the corrected heat flux. Our method is currently applicable to areas dominated by vertical heat flux. The influence of horizontal flow needs to be considered if it is significant compared to the influence of vertical flow in future work. Second, the temperature in shallow boreholes may be influenced by paleoclimate (Westaway and Younger, 2013), which would lead to overestimations of vertical groundwater flux and thus affect the corrected heat flux (Irvine et al., 2016). However, an accurate paleotemperature history of the study area is difficult to obtain, so we did not make a paleoclimate correction for the results. Third, the method requires collection of the borehole lithology or hydrogeological data of the local area to obtain the thickness of the local aquifer that is used to make absolute correction of the convective heat flux. Finally, we calculated the average fluid velocity for many years, which represents the stable change and cannot show the fluid changes in the short term. In fact, in the future, the process of dynamic change in the fluid velocity can be obtained by using a multidepth temperature-depth sequence (Munz and Schmidt, 2017; Liu et al., 2020), and the convective heat flux component can be corrected more accurately.
6 CONCLUSION
In this paper, a method for calculating the terrestrial heat flow by using long-term multidepth observational data of shallow temperature was proposed. The method was applied to northwestern Yunnan, China, based on the bedrock temperature data of six measuring points for 2–4 years. Temperature-depth sequence analysis was carried out, and the groundwater flow rate of the measuring points was estimated. The heat flux was corrected for the influence of groundwater movement, which can reflect the deep thermal background. The main conclusions are as follows.
(1) We proposed a method to calculate the terrestrial heat flow that corrects the convective heat flux using the groundwater flow velocity obtained from the temperature-depth sequence. This method can be applied to areas with strong hydrothermal activity and was verified by a theoretical model. The results show that the corrected heat flux obtained by this method is in good agreement with the heat flow given in the theoretical model, which indicates the reliability of the method.
(2) Taking northwestern Yunnan as an example, the groundwater flow velocity was calculated using a temperature time series of 2–4 years measured from six points in the study area. The results show that the groundwater flow rates at the measuring points of GYG, DL and EY are 3.171×10-8, 9.467×10−9 and 3.420×10-8 m/s, respectively, where the flow direction is downward. The fluid flow rates at the measuring points of ZNC, LJ and MD are −6.275×10−9, −3.346×10−9 and −2.085×10-8 m/s, respectively, with an upward flow direction.
(3) Using the calculated flow rate, the heat flux was corrected to obtain the heat flow without disturbance by thermal convection. The corrected heat fluxes at the measuring points of the MD, EY, ZNC, DL, LJ and GYG are 90.4, 103.1, 115.7, 97.1, 54.5 and 130.3 mW/m2, respectively, with an average of 94.5 mW/m2. The results are in good agreement with the previously measured heat flow data in deep boreholes of the quality A category.
(4) The comparative analysis of the corrected heat flux and the uncorrected heat flux reveals that the difference between these two fluxes is related to the groundwater flow rate. The corrected heat flux is greater than the uncorrected heat flux where downward migration of groundwater exists, and the corrected heat flux is smaller than the uncorrected heat flux where groundwater migrates upward. Thus, the mode of groundwater movement has an effect on the corrected heat flux.
This study provides an economical and efficient method that is suitable for heat flow estimation in hydrothermally active areas. Our research also supplements terrestrial heat flow data in northwestern Yunnan. In the future, long-term shallow temperature observations can be used to estimate the terrestrial heat flow in high-altitude and hydrothermally active areas.
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