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Abstract: The karst geothermal reservoir in Xiong'an New Area is a representative example of an ancient buried hill
geothermal system. However, published heat flow data are predominantly derived from the Cenozoic sedimentary cap.
Due to the limited depth of borehole exploration, heat flow measurements and analyses of the Archean crystalline base-
ment in the study area are rare. Further investigation of the heat flow and temperature field characteristics within the
Archean crystalline basement beneath the karst geothermal reservoir is necessary to understand the vertical distribution of
heat flow and improve the geothermal genetic mechanism in the area. The D01 deep geothermal scientific drilling param-
eter well was implemented in the Niutuozhen geothermal field of Xiong'an New Area. The well exposed the entire
Gaoyuzhaung Formation karst geotheremal reservoir of the Jixian system and drilled 1,723.67 m into the Archean crys-
talline basement, providing the necessary conditions for determining its heat flow. This study involved borehole tempera-
ture measurements and thermophysical property testing of core samples from the DO1 well to analyze the vertical distri-
bution of heat flow. The findings revealed distinct segmentation in the geothermal gradient and rock thermophysical prop-
erties. The geothermal reservoir of Gaoyuzhuang Formation is dominated by convection, with significant temperature
inversions corresponding to karst fracture developments. In contrast, the Archean crystalline basement exhibits conduc-
tive heat transfer. After 233 days of static equilibrium, the average geothermal gradients of the Gaoyuzhuang Formation
and the Archean crystalline basement were determined to be 1.5°C/km and 18.3°C/km, respectively. These values
adjusted to —0.8°C/km and 18.2°C/km after 551 days, with the longer static time curve approaching steady-state condi-
tions. The average thermal conductivity of dolomite in Gaoyuzhuang Formation was measured as 4.37+0.82 W/(K- m)i
and that of Archean gneiss as 2. 41i0 40 W/(K-m). The average radioactive heat generation rate were 0.30+0.32 uW/m
for dolomite and 1.32+0.69 pW/m” for gneiss. Using the temperature curve after 551 days and thermal conductivity data,
the Archean heat flow at the DO1 well was calculated as (43.9£7.0) mW/m’, While the heat flow for the Neogene sedi-
mentary cap was estimated at 88.6mW/m’. The heat flow of Neogene sedlmentary caprock is significantly higher than
that of Archean crystalline basement at the DO1 well, with an excess of 44.7 mW/m’ accounting for approximately 50%
of the total heat flow in the Neogene sedimentary caprock This is primarily attributed to lateral thermal convection within
the high-porosity and high-permeability karst dolomite layer, and vertical thermal convection facilitated by the Niudong
fault, which collectively contribute to the heat supply of the Neogene sedimentary caprock. Thermal convection in karst
fissure and fault zone contribute approximately 50% of the heat flow in the Neogene sedimentary caprock. This study
quantitatively revealed the vertical distribution of heat flow, providing empirical evidence for the genetic mechanism of
the convection-conduction geothermal system in sedimentary basins.
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is known for its abundant geothermal resources. Its
primary reservoir is the Jixian system karst geo-
thermal reservoir, with previous exploration and
development activities concentrated at depths shal-
lower than 1,800 m (Wu et al. 2018). At present,
numerous studies have examined terrestrial heat
flow in the region (Cui et al. 2019; Guo et al. 2019;
Wang et al. 2021b; Wang et al. 2019ab; Guo,
2020; Hao, 2021). However, reports of heat flow
measured from the Archean crystalline basement in
Xiong'an New Area are scarce, mainly due to the
limited depth of existing boreholes. Determining
heat flow in the Archean crystalline basement is
critical to understanding its heat flow and tempera-
ture field characteristics and analyzing the heat
contribution of groundwater thermal convection in
karst geothermal reservoir and water-flowing
faults.
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Fig. 1 Location of Xiong'an New Area and D01 Well

Previous studies indicate that the Niutuozhen
geothermal field represents a typical themal con-
vection-conduction composite geothermal system
(Pang et al. 2017). Most published heat flow data
in Xiong'an New Area are derived from the Ceno-
zoic sedimentary cap. These data are influenced by
groundwater thermal convection, which incorpo-
rates the convective heat contribution from the
underlying karst geothermal reservoir. In contrast,
heat flow and temperature field characteristics in
the Archean crystalline basement beneath the karst
geothermal reservoir better reflect the region's
thermal background, providing a basis for litho-
spheric thermal structure and geodynamics analy-
ses (Wang et al. 2022). Existing research on the
geothermal genesis of the large-scale karst geother-
mal field in Xiong'an New Area lacks the con-
straints provided by background heat flow values
from the Archean crystalline basement. Further-
more, discussions of the factors influencing the
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spatial distribution of heat flow are often limited to
qualitative inference. This necessitates further
investigation to enhance understanding of the
geothermal genesis mechanism in the study area.

Heat flow, or terrestrial heat flow, is the most
direct representation of thermal process within
earth's interior and contains rich geological infor-
mation. Measuring, compiling, and analyzing heat
flow are fundamental to geothermal research. At
present 2,337 heat flow data points from mainland
China have been published in five editions (Wang
et al. 2024), forming a valuable dataset for litho-
spheric  dynamics research and geothermal
resource evaluation. Historically, heat flow was
thought to reflect heat transmitted by steady state
heat conduction alone. However, in unsteady or
convection states, Earth's heat dissipation is repre-
sented by heat flux, encompassing both conduc-
tion and convection components (Furlong and
Chapman, 2013). The second edition of Geophysi-
cal Terminology revised the definition of terres-
trial heat flow to include both conduction and con-
vection components (He and Wang, 2021). Within
Xiong'an New Area and its surrounding areas, the
heat flow data from the Archean crystalline base-
ment are sparse. The first edition of the heat flow
data compilation for mainland China included
three values (Wang and Huang, 1988), the fourth
and fifth edition incorporated 10 values and 53
values, respectively. (Jiang et al. 2016; Wang et al.
2024). These values were primarily measured from
the dolomite of Proterozoic Jixian system and the
Neogene sedimentary strata.

Since 2018, the China Geological Survey has
implemented several deep geothermal parameter
wells, such as D16 and D17, in Xiong'an New
Area to support the geothermal resource planning
and expand reservoir exploration (Sun et al. 2023;
Wang et al. 2020; Wang et al. 2018a). Notably, the
DO1 well in the Niutuozhen geothermal field, with
a completed drilling depth of 3,403.67 m, pene-
trates the karst geothermal reservoir of the
Gaoyuzhuang Formation of Jixian system and
exposes a 1,723.67 m section of the Archean crys-
talline basement. This provides a unique opportu-
nity to study the temperature characteristics of
deep karst geothermal reservoir and Archean crys-
talline basements (Yao et al. 2022).

1 Geological setting

Xiong'an New Area is located within the Jizhong
Depression, a secondary structural unit of Bohai
Bay Basin. It can be divided into structural
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subunits, including the Rongcheng Uplift in the
northwest, the Niutuozhen Uplift in the northeast,
and the Gaoyang Uplift in the south (Fig. 2). The
Niutuozhen Uplift is bounded by the Niudong
Fault, Niunan Fault, Rongcheng Fault and Daxing
Fault. The primary stratigraphic sequence, from
bottom to top, comprises the Archacozoic base-
ment, Changcheng system, Jixian system, Paleo-
gene, Neogene and Quaternary formations. Previ-
ous studies (Chen et al. 1982; Li et al. 2014; Pang
et al. 2017; Pang et al. 2020) indicate that the
geothermal anomaly in Niutuozhen Uplift was
formed within a typical geothermal background.
Under the structural configuration of concave and
convex features, as the bedrock's higher thermal
conductivity compared to the sedimentary caprock
redistributes heat flow, concentrating it in the
uplifted area with high conductivity. This results in
morate-to-high heat flow in these regions, with
heat source predominantly originating from mantle
heat flow and radiogenic heat generation within the
crust (Wang, 2022; Wang et al. 2021a). Fault
structures within the uplift promote karstification
of carbonate rocks, thereby creating reservoir
spaces and seepage channels for karst geothermal
reservoirs (Wang et al. 2018b; Wang et al. 2022;
Xing et al. 2022).
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Fig. 2 Tectonic units and major fault distribution in
the study area

(F1: Rongcheng fault, F2: Xushui fault, F3: Niudong fault, F4: Anxin
south fault, F5: Niunan fault, F6: Daxing fault, F7: Baoding-Shiji-
azhuang fault, F8: Gaoyang-Boye fault, F9: Rengiu fault, F10: Renxi
fault). (Adapted from Dai et al. 2019)

The geothermal water within the karst geother-
mal reservoir is primarily replenished through
lateral migration from the Taihang Mountain to the
west and the Yanshan Mountains to the north. This
water undergoes deep circulation heating before
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stored within the reservoir. Karst fissures form the
main channels for lateral geothermal water move-
ment, while fault structures act as vertical conduits
for geothermal water migration from deep to shal-
low depths.

D01 Well is located in the southeastern region of
Xiongxian County, Xiong'an New Area, posi-
tioned in the southeastern part of the Niutuozhen
Uplift and approximately 800 m east of the rear
edge of the Niudong Fault (Fig. 2). During drilling,
the formations encountered included Quaternary
clay and sandy clay, siltstone and mudstone of
Neogene, glutenite of Neogene Guantao Forma-
tion, dolomite of Gaoyuzhuang Formation, and
Archaean gneiss (Fig. 3). The Gaoyuzhuang For-
mation in D01 Well demonstrates excellent geo-
thermal reservoir properties, with a water inflow
rate of 119.3 m’/h and a water outlet temperature
of 64°C, Indicating its high water abundance and
geothermal resource potential.

2 Borehole temperature measurement

Borehole temperature measurement is a fundamen-
tal approach to determine heat flow values and
analyze subsurface temperature fields. It also plays
a crucial role in evaluating deep geothermal
resources. This technique uses the well fluid as a
medium to indirectly measure the formation
temperature of the well wall. However, the drilling
process, comprising the lifting and rotation of
drilling tools, fluid circulation, and potential fluid
leakage, can alter the temperature of the well fluid
and surrounding formation. These disturbances
introduce discrepancies between the measured well
temperatures and the true formation temperatures.
Following the completion of drilling, the measured
temperatures may vary depending on the static
well time (He et al. 2008).

In this study, borehole temperature measure-
ments for D01 Well were conducted on December
18, 2019 and October 31, 2020. The time intervals
between the cessation of drilling and the two
temperature measurements were 233 days and 551
days, respectively. The measurements utilized a
PPS71 high-temperature storage logging tool,
which offers an accuracy of + 3%, a range of 0—
350°C, and a resolution of 0.01°C. The extended
static well time ensured that the well fluid tempera-
ture closely approximated the true formation
temperature, indicating that the thermal system had
largely stabilized. The temperature measurement
curves for DO1 Well (Fig. 4) reveal clear segmen-
tation. The Neogene and Archean sections exhibit
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Fig. 3 Stratigraphic histogram of D01 well
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Fig. 4 Temperature curve of DO1 well in near steady
state

distinct conductive geothermal characteristics. In
contrast, the geothermal reservoir within the
Gaoyuzhuang Formation shows relatively uniform
temperatures. The average geothermal gradients
within the Gaoyuzhuang Formation were calcu-
lated as 1.5°C/km and —0.8°C/km for static well
times of 233 days and 551 days, respectively,
reflecting pronounced convective geothermal char-
acteristics. Additionally, the temperature curves
display temperature inversions within fracture-rich
zone of the Gaoyuzhuang Formation, indicating
the effects of thermal convection driven by fluid
movement within these karst fissures.

http://gwse.iheg.org.cn

To account for the influence of near-surface
temperature and the convection section of the karst
geothermal reservoir of the Gaoyuzhuang Forma-
tion, the 400-800 m depth section of the Neogene
sedimentary caprock was selected for the geother-
mal gradient measurement. Similarly, considering
that the Archean geothermal temperature is
partially affected by the convection section of the
Gaoyuzhuang Formation, the 2,300-2,700 m depth
section was selected for the Archean geothermal
gradient measurement. The temperature measure-
ment data of these selected depth sections in the
Neogene sedimentary caprock and Archaean
formations were subjected to linearly fitting. The
fitting results for a static time of 233 days are
shown in Fig. 5 (a) and Fig. 5 (b), yielding the
following fitting formulas for temperature 7' (°C)
and depth H (m) for Neogene and the Archean
formations:

T =0.0486H +18.228 R>=0.99978 (1)

T =0.0183H +44.091 R>=0.99986 (2)

For a static time of 551 days, the linear fitting
results are presented in Fig. 5 (c¢) and Fig. 5 (d),
with the corresponding fitting formulas:

T =0.0509H +17.222 R*=0.99975 (3)

T =0.0182H+45.077 R>=0.99983 (4)

Based on these fitting formulas, the average
geothermal gradients for the Neogene and Arch-
aean formations were determined to be 48.6°C/km
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Fig. 5 Linear fitting of temperature measurement data for Neogene and Archean heat flow calculation sections

and 18.3°C/km, respectively, for the 233-day static
period. For the 551-day static period, the average
geothermal gradients were calculated as 50.9°C/
km and 18.2°C/km, respectively.

3 Heat flow determination

3.1 Thermal conductivity

The thermal conductivity of rocks is influenced by
various factors, including mineral composition,
porosity, water saturation, pressure, temperature
and other factors (Norden et al. 2020; Pribnow et
al. 1996). For Archean gneiss core samples, which
are characterized by compact structure and low
porosity, the effects of pressure on thermal con-
ductivity, which is calculated using the pressure
correction formula (Seipold and Huenges, 1998),
are less than 1%. As a result, pressure and satura-
tion corrections are disregarded, and only tempera-
ture correction is applied to thermal conductivity.
The following temperature correction formulas
(Sass et al. 1992) were applied to the measured
thermal conductivity values of Archean gneiss.

A(0) = A(25){1.007 +25[0.0037 — 0.0074/A(25)1}
)
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A(T)=A(0)/{1.007+T[0.0036 —-0.0072/2(0)]} (6)

Where: 4 (0) and 1 (25) are measured thermal
conductivity at 0°C and 25°C, W/(K-m); 4 (25) is
the thermal conductivity test value; T is the in-situ
temperature of rock,°C; A (7) is the in-situ thermal
conductivity of rock at temperature 7.

A total of 25 gneiss core samples were collected
from depths of 2,300-2,700 m in the Archean
strata of the D01 well for thermal conductivity test-
ing. Two types of equipment were used for the
comparative analysis. One is the Hot Disk (TPS
1500) thermal constant analyzer made in Sweden.
The measurement principle is the transient plane
heat source method. The test accuracy is + 2%, and
the measurement range is 0.03—500W/(K-m). The
other equipment used is the TC 3200 thermal
conductivity instrument made in China and the
measurement principle is the transient hot wire
method. The measurement accuracy is = 5%, and
the measurement range is 0.001-20 W/(K-m). The
thermal conductivity values obtained by the two
methods for the same sample were closely aligned,
confirming the reliability of the data. The average
measured values from both methods were used for
heat flow calculations, with temperature correc-
tion applied. After correction, the thermal conduc-
tivity of the Archean gneiss core ranged from 2.05

http://gwse.iheg.org.cn
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Table 1 Thermal conductivity of Archean gneiss core samples in D01 well

Test value of thermal conductivity at room

Number temperature (W/(K-m))

Temperature Thermal conductivity

Depth (m) of . . Average at different correction value according
samples Transient plane Transwnt hot value of two depths (°C) to temperature (W/(K-m))
heat source method wire method
methods
2,355.47-2,356.47 4 3.15 3.26 3.20 87.4 2.94
2,445.65-2,447.85 8 2.07 2.06 2.07 89.1 2.05
2,533.56-2,536.26 12 2.94 291 2.92 90.7 2.71
2,581.76-2,584.46 14 2.24 2.20 2.22 91.5 2.16
2,603.58-2,605.58 12 2.29 2.25 2.27 91.9 2.20

W/(K-'m) to 2.94 W/(K-m), with an average value
of (2.41 £ 0.40) W/(K-m).

Since no Neogene core samples were obtained
from DO1 well, a reference thermal conductivity
value of 1.74 W/(K-m) was adopted, based on data
from the Jizhong depression and other areas of
Bohai Bay Basin (Wang et al. 2019b). The aver-
age thermal conductivity of dolomite in Gaoyu-
zhuang Formation was determined from six core
samples obtained from the DO1 well. The mea-
sured value was (4.37+0.82) W/(K-m).

3.2 Radiogenic heat production

Radiogenic heat production in the Earth's crust
predominantly originates from the radioactive
decay of uranium (**U), thorium (**Th) and potas-
sium (“K), contributing approximately 98% of
geothermal radiogenic heat (Wollenberg and
Smith, 1987). In this study, a total of 19 core
samples from the DOl well were analyzed for
radiogenic heat production, including the concen-
tration measurements of uranium, thorium and
potassium. Concentrations of uranium and thorium
were measured using Inductively Coupled Plasma
Mass Spectrometry (ICP-MS), and the potassium
concentrations were determined via atomic absorp-
tion spectroscopy. The density was measured in
the lab for each sample. The radiogenic heat
production was calculated using the following
empirical formula (Rybach, 1988):

A=10"p(9.52Cy +2.56Cr, +3.48C) ()

Where: 4 is the heat production (UW/m’), p is
density (kg/m®). C;, and Cj, are concentrations of U
and Th in ppm, respectively, and Cy is the content
of K in percentage.

The radiogenic heat production values for the
core samples from the DO1 well are summarized in
Table 2. The average radioactive heat production
rate of 6 dolomite cores in Gaoyuzhuang Forma-
tion and 13 Archean gneiss cores are (0.30+0.32)
pW/m’ and (1.32+0.69) puW/m’.
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3.3 Heat flow

Heat flow, a key parameter in geothermal studies,
is typically determined indirectly using tempera-
ture measurement and rock thermal conductivity
data. The calculation of heat flow is based on
Fourier law of one-dimensional steady heat con-
duction, which can be calculated as:

dT

9=-1 ®)
Where: d7/dZ is the geothermal gradient
(°C/km), A is the rock thermal conductivity
(W/(K-m)), and the negative sign indicates that the
direction of heat conduction flows in the direction
opposite to the geothermal gradient. To compare
and analyze heat flow difference in the Xiong'an
New Area, heat flow measurements were con-
ducted for both the Neogene sedimentary caprock
and the Archean crystalline basement using data
from the DOl Well. Table 3 summarizes the
measured heat flow values for the two geological

formations.

4 Results and discussion

4.1 Heat flow vertical difference of D01
well

Based on the temperature measurement curve for a
static time of 551 days and thermal conductivity
data of Archean gneiss in the DO1 well, the calcu-
lated heat flow from the Archean layer was
(43.9+7.0) mW/m’, while the heat flow from the
Neogene sedimentary caprock was estimated at
88.6 mW/m’. As shown in Fig. 7, the total surface
heat flow ¢ (88.6 mW/m’) equals the sum of the
conduction heat flow g, (43.9 mW/m’) originating
from the Archaean crystalline basement and the
convection heat flow contribution ¢, (44.7 mW/m’)
from the karst geothermal reservoir. This demon-
strates that thermal convection in the karst fissures
and fault zones accounts for approximately 50% of
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Table 2 Radiogenic heat production values for core samples from the DO1 well

Radiogenic heat

Sample number Depth(m) pkg/m’) C,(ng/g) Crn(ng/g) Ci(%) production (uW/m) Lithology
1 1,185.98 2,810.3 0.071 0.421 0.459 0.09 Dolomite
2 1,191.335 2,814.6 0.278 0.7 0.642 0.19 Dolomite
3 1,322.64 2,756.1 0.247 0.521 0.22 0.12 Dolomite
4 1,401.445 2,711.5 0.143 0.372 0.08 0.07 Dolomite
5 1,500.68 2,763.4 0.597 2.33 0.683 0.39 Dolomite
6 1,498.93 2,745.1 1.57 5.54 1.17 0.91 Dolomite
7 1,717.24 2,801.7 3.01 5.86 0.214 1.24 Gneiss

8 1,915 2,843.7 2.77 6.16 0.142 1.21 Gneiss

9 2,017.83 2,834.1 3.59 0.631 2.86 1.30 Gneiss
10 2,144.2 2,934.1 2.06 6.51 1.44 1.21 Gneiss
11 2,237.73 2,853.7 4.8 9.86 11.3 3.15 Gneiss
12 2,355.97 2,689.3 6.72 2.47 0.835 1.97 Gneiss
13 2,446.75 2,853.1 1.42 12.8 3.28 1.65 Gneiss
14 2,534.905 2,859.4 1.66 0.476 0.511 0.54 Gneiss
15 2,581.96 2,897.3 2.2 0.013 0.381 0.65 Gneiss
16 2,604.38 2,853.4 2.9 2.31 0.694 1.03 Gneiss
17 2,725 2,893.1 1.45 1.07 1.38 0.62 Gneiss
18 2,817.87 2,836.7 3.53 0.548 0.867 1.08 Gneiss
19 2,893.52 2,854.3 3.52 5.32 1.94 1.54 Gneliss

Table 3 Heat flow of the Neogene and Archean formations from the D01 well

Average value of heat flow (mW/m”)

Stratum Depth (m) 233 days after the cessation of drilling 551 daysafter the cessation of drilling
N 400-800 84.6 88.6
Ar 2,300-2,700 441 439

the heat in the Neogene sedimentary caprock.

The results clearly indicate that the heat flow in
the Neogene sedimentary caprock is significantly
higher than that of Archean crystalline basement in
the DO1 well. This discrepancy can be attributed to
lateral groundwater convection in the highly
porous and permeable karst dolomite layer,
combined with vertical convection through the
Niudong fault, which transfers heat to the base of
the Neogene sedimentary caprock. Furthermore,
radiogenic heat production tests suggest that the
contribution of radioactive heat generation
between 400-2,700 m in the DO1 Well is only 2.6
mW/m’, highlighting its relatively minor role in
the overall heat flow.

4.2 Other evidence of thermal convec-
tion
The wvertical heat flow difference measured

between the Cenozoic sedimentary cap and the
Archean crystalline basement in the DOl well
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provides clear evidence of thermal convection
within the karst geothermal reservoir. Additional
supporting evidence for the thermal convection
was obtained from data collected from wells D09,
XZ1, and XZ2, located approximately 10km north
of DO1 well within the Niudong fault zone. These
three wells are located relatively close to each
other, with a maximum distance of around 3 km, as
shown in Fig. 2. The drilling depths of the D09,
XZ1, and XZ2 wells are 1,653.2 m, 1,407.9 m, and
1,282.6 m, respectively. These wells intersect the
Wumishan Formation of the Jixian system at
depths of 1,015 m, 893.5 m, and 778 m, respec-
tively, with thicknesses ranging from 504.6 m to
638.2 m, although not completely exposed, as
shown in Fig. 6 and Table 4. Geophysical profiles
(Wang et al. 2023b) enabled predictions of the
bottom depths of the karst geothermal reservoirs,
corresponding to the top interfaces of the Archean,
as shown in Fig. 7. Temperature curves for the
three wells revealed geothermal gradients in the
Cenozoic cap of 49.3°C/km, 62.4°C/km, and
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Fig. 6 Temperature curves of D09, XZ1 and XZ2 wells located within Niudong fault zone (adapted from Wang

et al. 2023b)

Table 4 Burial depth of karst reservoir roof, geothermal gradient and heat flow of the Cenozoic sedimentary cap

in the three wells within Niudong fault zone

Geothermal gradient of

Depth of Burial depth of the Cenozoic Rock thermal conductivity of Heat flow of the
Well weﬁ (m) karst reservoir sedimentary ca of the Cenozoic sedimentary Cenozoic sedimentary
roof (m) “Clam) ycap cap (W/(K-m)) cap (mW/m?)
D09 1,653.2 1,015 493 1.74 85.8
X7Z1 1,407.9  893.5 62.4 1.74 108.6
X72 1,282.6 778 72.8 1.74 126.7
q=84.6 mW/m? ¢q=85.8 mW/m? ¢=108.6 mW/m? ¢=126.7 mW/m?
Tt il Tt )
Sedimentar k +N +N QN
y caproc QN Q Q 778 m
893.5m| |
11865 m EELIEE RS S B , J 1T {9828 mw/me
T R maa 7 mwne 11 19=41.9 mwm? ] 31\—647 ;f;‘évz/fg/' B .
. =44, 6m : Bottom of XZ2 well
Karst geothermal reselrg;)(;r N x Pl 1407.9 m ‘Bottom of XZ1 well | 5
m 1 3

1653.2m ;

Crystalline basement

3403.67 m Bottom of D01 well

Tt

¢;=43.9 mW/m?

Fig. 7 The vertical heat flow difference and relationsh

72.8°C/km, respectively. A comparison of these
gradients with the burial depth of the karst reser-
voir roofs (1015 m, 893.5 m, and 778 m, respec-
tively) indicated that the shallower the burial depth
correspond to higher geothermal gradients and
greater heat flow in the Cenozoic caprock.

The temperature curves for the four wells
discussed in this paper exhibit a significantly lower
geothermal gradient within the karst reservoir
sections. This trend is especially pronounced in the
D01 well, where the average geothermal gradient
in the Gaoyuzhuang Formation were 1.5°C/km and
—0.8°C/km for static times of 233 days and 551
days, respectively, clearly demonstrating the influ-
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=

4,=43.9 mW/m?

:Bottom of D09 well |

4,=43.9 mW/m? ¢;=43.9 mW/m?

ip in D01, D09, XZ1 and XZ2 well

ence of convective geothermal heat transfer. the
proximity of the D09, XZ1, and XZ2 wells
supports the conclusion that the Wumishan Forma-
tion reservoirs in these wells are horizontally
connected.

The influence of strong groundwater convection,
especially near the weathered zones at the karst
reservoir interfaces, leads to overall temperature
uniformity. This uniform temperature results in
higher temperatures in areas where the karst reser-
voirs are more shallowly buried, which heats the
sedimentary cover of the Cenozoic era. Conse-
quently, the geothermal gradient in the sedimen-
tary cover is elevated, creating a pattern where
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shallower burial depths correspond to higher heat
flow.

Due to the lack of exposure of the Archean crys-
talline basement in the D09, XZ1, and XZ2 wells,
accurate heat flow values of the Archean cannot be
directly obtained. However, using the measured
heat flow values of the Archean crystalline base-
ment of DO1 well as a reference, the thermal
convection contributions to heat flow in the D09,
XZ1, and XZ2 wells were calculated to be 41.9
mW/m’, 64.7 mW/m’, and 82.8 mW/m’, respec-
tively. These values account for 48.83%, 59.58%,
and 65.35% of the total heat flow in the Cenozoic
cap, as shown in Fig. 7.

4.3 Geothermal geological conceptual
model

Previous studies have identified the Niutuozhen
geothermal field as following a "dual heat accumu-
lation" genetic model (Pang et al. 2020). Within
this model, the Niudong Fault on the eastern side
of the Niutuozhen uplift is both thermal-conduc-
tive and water-conductive. Geothermal geological
profiles (Fig. 8) show that high-permeability dolo-
mite geothermal reservoir have developed in the
Jixian and Changcheng systems, with the Niudong
Fault serving as a conduit for groundwater migra-
tion. While permeable rock strata within the
geothermal reservoir facilitate lateral groundwater
migration, the faults control vertical groundwater
movement.

The comparison of Neogene and Archean heat
flow data from the D01 well and earlier studies
provides additional insights. The analysis high-

A
0
1
g 2 Lateral convection heat transfer
= of groundwater
=3
|3
A4
5
6
0
1
g 2
=3
&
Q4 Lateral convection heat transfer
5 of groundwater
6

lights the development of karst fissures and the
presence of significant water volumes in the
dolomite of the Gaoyuzhuang Formation of the
DO1 well. These features, combined with ground-
water heat convection through the Niudong Fault,
facilitate the transfer of heat from deeper strata to
shallower levels. This process heats the base of
Neogene sedimentary caprock, accounting for its
elevated heat flow values, as shown in Fig. 7. The
measured Archean heat flow beneath the karst
geothermal reservoir in the D01 well also supports
the heat accumulation model driven by groundwa-
ter migration and thermal-conductive and water-
conductive faults.

A similar geothermal mechanism is evident in
other areas of the North China Plain, such as the
Xian County and Gaoyang geothermal fields,
where karst geothermal reservoirs of the Wumis-
han and Gaoyuzhuang Formations of Jixian
System are well-developed. In these areas, the
geothermal genetic mechanism parallels that of the
Niutuozhen geothermal field in Xiong'an New
Area (Liu et al. 2022; Wang et al. 2023a). Numeri-
cal simulations, including 2D finite element
modelling of coupled temperature and hydrody-
namic fields, reveal that significant thermal
anomalies in the Gaoyang Uplift and Xian County
Uplift are primarily caused by free convection
within the karst reservoir and the fault zones.
These effects far outweigh the secondary influ-
ence of heat refraction due to basement fluctuation
(Rao et al. 2024).

5 Conclusions

This study explored the characteristics of heat flow

DO1 B

Vertical convection
heat transfer of groundwater

Vertical convection
heat transfer of groundwater

Fig. 8 The geothermal geological conceptual model of Niutuozhen Uplift (adapted from Wang et al. 2018a; Yao

et al. 2022; Wang et al. 2023b)
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and the present-day temperature field in the
Archean crystalline basement beneath the karst
geothermal reservoir of the D01 well. By conduct-
ing borehole temperature measurements and ther-
mophysical property tests on core samples, the
vertical distribution of heat flow was quantita-
tively analyzed. These findings provide key mea-
sured data to support the understanding of the
genetic mechanism of convection-conduction type
geothermal systems in sedimentary basins.

(1) Geothermal characteristics: The Neogene
sedimentary caprock and Archean crystalline base-
ment exhibit significant geothermal characteristics
of conduction type, whereas the karst geothermal
reservoir in the Gaoyuzhuang Formation demon-
strates convection type behavior. Strong convec-
tion activity was observed in the karst geothermal
reservoir section of the Gaoyuzhuang Formation in
DO01 well, as evidenced by temperature inversion in
fracture development zones on temperature mea-
surement curves.

(2) Heat flow comparison: The heat flow of
Neogene sedimentary caprock is significantly hig-
her than that of the Archean crystalline basement
in the DO1 well. This discrepancy is primarily due
to the lateral thermal convection of groundwater
within the high permeability karst dolomite layer
and the vertical thermal convection along the
Niudong Fault, which collectively heat the base of
the Neogene sedimentary caprock. Approximately
50% of the heat in the Neogene sedimentary
caprock can be contributed to thermal convection
within the karst fissure and fault zones. The quanti-
tative heat flow distribution in DO1 well highlights
that the pronounced thermal anomalies in the
Niutuozhen geothermal field result from convec-
tion in the karst reservoir and the fault zones.

(3) Evidence of thermal convection: The verti-
cal heat flow distribution, measured in the Ceno-
zoic sedimentary cap and Archean crystalline base-
ment, confirms the significant role of thermal
convection in the karst geothermal reservoir of
DO1 well. A clear relationship was identified: As
the burial depth of the karst reservoir roof dec-
reases, the geothermal gradient of the Cenozoic
caprock increases, leading to elevated heat flow in
the Cenozoic cap. Under the strong influence of
groundwater thermal convection, especially in the
weathering shell stage of the karst reservoir
section, the overall temperature becomes uniform.
This results in high temperatures in areas with
shallow burial depth of the karst reservoir, heating
up the Cenozoic sedimentary cover and creating a
higher geothermal gradient in these areas. Conse-
quently, regions with shallower burial depths of

http://gwse.iheg.org.cn

the karst geothermal reservoir exhibit locally
higher heat flow.
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