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Abstract Past ground surface temperature (GST), one of the important aspects of paleoclimate
reconstructions, can be inverted from borehole temperature measurements. Here, we report continuous 6,100-m
temperature logs in the International Continental Scientific Drilling Program SK-2e. We inverted the past

GST changes from upper borehole temperature logging (<600 m). Below this depth, localized fluid flow

masks the paleoclimate record. Inversions yield an approximately 2 K GST rise since 0.1-0.6 Kyr BP and an
approximately 10 K rise since 20 Kyr BP. Assuming a +5 K influence from the deep groundwater flow, the
inverted temperature rise has varied between 8 and 12 K since 20 Kyr BP, which is consistent with previous
reports since the Last Glacial Maximum. Our results emphasize the potential of borehole heat-flow profiles as a
record of climate changes and the importance of climate correction for heat-flow determinations.

Plain Language Summary Temperatures within the shallow boreholes are perturbed by changes in
ground surface temperature (GST) in response to paleoclimate variations and anthropogenic land use. The GST
varies at different time scales, and these variations penetrate different depths underground. Thus, the borehole
temperatures can be used for reconstructing the history of ground surface temperatures. Based on borehole
geotherms of the International Continental Scientific Drilling Program in Northeast Asia, the past GST changes
since the Last Glacial Maximum were inverted. The results show a ~2 K surface temperature rise during
0.1-0.6 Kyr BP and a ~10 K rise since 20 Kyr BP, which is consistent with previous independent estimates.

1. Introduction

The Earth's temperature field is one of the controlling factors of petrophysical properties, such as seismic velocity
and rheological strength. Borehole geothermal measurements open a window into the thermal regime of deep
Earth, allowing extrapolations to heat flow and geotherms, with the combination of thermal conductivity and
heat production measurements (Furlong & Chapman, 2013). Furthermore, the temperatures within the shallow
boreholes are often perturbed by groundwater movement (Guillou-Frottier et al., 2013; Jessop, 1993) and changes
in ground surface temperature (GST) induced by paleoclimate variations and anthropogenic land use (Gosnold
et al., 2011; Majorowicz et al., 2012). Paleoclimatic signatures could perturb equilibrium heat flow densities to
more than 2 km (Beltrami et al., 2014). Therefore, detailed borehole geothermal studies have the potential to
provide unique constraints on both deep-earth thermal processes and GST changes.

Available global heat-flow and paleoclimate studies primarily rely on shallow (<1,000 m) boreholes (Cuesta-Valero
et al., 2021; Davies, 2013; Huang et al., 2000). Long-term climate changes cause significant perturbations in the
measured heat flow, leading to deviations in the global heat-flow data set. Climatic perturbations, which are
considered noise to determine the heat flow, can be used for GST reconstruction (Cermak and Bodri, 2011).
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The theories and technologies for reconstructing the paleoclimate based on borehole temperature have been
developed (Cuesta-Valero et al., 2021; Davies, 2013; Huang et al., 2000). However, GST reconstructions using
this method remain limited. Only dozens of the global data set, including 70,000 borehole temperature logs, have
been successfully utilized. One of the primary reasons is that the borehole temperature is inevitably influenced
in part by groundwater activities (Jiang et al., 2016; Mottaghy et al., 2005). Additionally, vertical distributions
of heat production are often estimated by empirical correlations between heat production and the rock type,
with limited constraints from measurements. Superdeep continental scientific drilling boreholes are excellent
opportunities to constrain the lithospheric thermal structure and to explicitly establish the relationship between
heat-production variation and depth.

The SK-2e borehole is the current deepest scientific drilling project in Northeast Asia, with a depth of 7,018 m,
from which continuous 4,134 m cores have been recovered. The SK-2e is located in the Songliao Basin, North-
east China, approximately 1,200 km west of the Pacific subduction zone (Figure 1a). This superdeep scientific
drilling provides unique geothermal information on the inner Earth's temperature, heat flow, and thermal struc-
ture. Moreover, it is also valuable in reconstructing past GST changes in Northeast Asia. This paper reports the
6,400-m continuous temperature logging, thermal conductivity, heat production, and vertical heat-flow profile
from SK-2e. We also interpret the heat-flow variations in terms of the GST history and groundwater movement.

2. Study Site

The Songliao Basin, where the SK-2e borehole was targeted, formed on the pre-Triassic basement and experienced
three filling stages of the syn-rift (150-105 Ma), post-rift (105-79.1 Ma) and structural inversion (79.1-64 Ma),
with sedimentary thickness up to 6 km (Wang et al., 2013, 2016). The basin includes five subunits, including
Western Slope, Central Depression (where SK-2e is located), Northern Plunge, Southeastern Uplift, and South-
western Uplift (Figure 1b).

The previous heat flow data show that the basin is characterized by high heat flow, with a mean of
70.9 + 14.4 mW m~2 (Shi et al., 2018; Wu & Xie, 1985). The estimated vertical heat-flow profiles exhibit a grad-
ually increasing trend from O to approximately 1,000 m and positive anomalies from 1,000 to 2,000 m. A purely
conductive heat flow cannot explain the observed anomalous heat-flow trends. Besides, as shown in Figure lc,
the anomalies coincide distinctly with the high-porosity/permeability hydrocarbon reservoirs between the lower
K,n to the upper K,q (Wang et al., 2013), suggesting that they stem from advective heat transport associated with
fluid migration. Significant vertical components or horizontal fluid movements in the inclined layer could exist
in these high-porosity/permeability zones. Horizontal flow in deep confined aquifers is likely to be eastward in
the Songliao Basin as the elevation of the western margin is approximately 900-1,200 m higher than the eastern,
leading to correspondingly higher hydraulic heads (Zhu, 2011). Furthermore, previously published data indicate
an increasing trend of heat flow from west to east, with values increasing from 44.4 to 95.0 mW m~2 (Wu &
Xie, 1985). This trend further supports a regional aquifer signal consisting of eastward-directed flow. The west-
erly boreholes (e.g., S2 and K2) exhibit the lowest heat-flow values, while higher heat-flow values are observed
in boreholes G507, TS1, Z12, and X4 located in the central basin, where the aquifers extend to deeper levels.
The fact that the heat flow anomalies have a wide depth range and continuous variation suggests that they are
stable and long-lasting over periods of at least ten thousand years. Although the contribution of the advective heat
transport within aquifers is not yet quantitatively resolved, this finding suggests supports the feasibility of GST
reconstruction from a borehole with a local thermal anomaly. Finally, marking the start of the post-rift thermal
subsidence phase of the Songliao Basin, K,q and the upper strata are unaffected by syn-depositional faulting
(Wang et al., 2013), mitigating against the influence of vertical fluid migration (Figure 1c). Thus, SK-2e is of
great significance in reconstructing the GST and confirming basin-scale fluid migration.

3. Data Collection and Observations
3.1. Temperature Logging

The temperature logging of the SK-2e borehole was conducted on 25 March 2016, and 7 August 2019. During
the second set of measurements, the temperature sensor reached only 6,130 m due to mud obstacles in the lowest
section of the borehole. Borehole temperature logging was performed using a PPS71 geothermal memory tool,
equipped with a platinum resistance temperature sensor (maximum temperature: 350°C) and a 10,000-m-long
cable. The system allows temperature recordings with a 0.01 K sensitivity, a 0.2 K accuracy, and less than 2 s
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Figure 1. (a) Tectonic setting and topography surrounding SK-2e. (b) Subunits of the Songliao Basin, location of SK-2e, and previous heat-flow measurements (Wu
& Xie, 1985). SK-1n and N2 are complementary core samples. The CCSD-MH (Chinese Continental Scientific Drilling Main Hole) and LZ show the location of the

previous continuous heat-flow profile penetrating the crystalline basement. (c) Stratigraphic cross-section of AA’, interpreted with borehole-constrained seismic data
(modified from Wang et al. (2013)), and simplified vertical heat-flow profile along the cross-section. Heat flows that are higher and lower than the background value

of 70 mW m~2 are filled in red and blue, respectively. Formation symbols: K;h = Huoshiling, K;s = Shahezi, Ky = Yingcheng, K,d = Denglouku, K,q = Quantou,
K,qn = Qingshankou, K,y = Yaojia, K,n = Nenjiang, K,s = Sifangtai, K,m = Mingshui, and Q = Quaternary (Deng et al., 2013).

response time. The recording time interval was 0.5 s, and a downward logging speed of 6 m/min was adopted to

ensure sufficient time for the sensor to record the temperature without delay.

The first temperature log was recorded 35 days after drilling to a depth of approximately 4,200 m, and the second
log was recorded 507 days after drilling had finished, at a depth of 7,018 m. The repeated loggings indicate a
distinct thermal recovery process, with the recovered temperatures of the two logs crossing at approximately
1,400 m. The second temperature log records an average temperature gradient of 36.0 mK m~! compared with
31.1 mK m~! in the first log. To assess the temperature recovery, we compare the measured temperatures with the
values collected from drill stem tests (DSTs), which are widely used in the oil industry to estimate equilibrium
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Figure 2. (a) Temperature log at 35 days after drilling that stopped halfway in 2016 and 507 days after drilling that finished
in 2019. (b) Temperature gradient at 20-m intervals. (c) Heat flow vertical variations. The red stepped line is the arithmetic
mean of the temperature gradient/heat flow data of each segment. The shaded area is the +1 standard deviation (SD). The
cyan line is the linear least squares smoothed temperature gradient and heat flow in the 100-m interval.

temperatures. We note that the second temperature log is generally consistent with the DST temperature estimates
(see Figure 2a), giving confidence that it approximates the steady-state temperature profile.

The second log shows the temperature abruptly decreases from 17.2 to 8°C in the uppermost 13.6 m, which is
consistent with seasonal and annual temperature GST variabilities expected for mid-late summer logging. At
depths greater than 20 m, the temperature continuously increases to 205°C at 6,130 m. The 20-m interval-averaged
temperature gradient varies between 10.9 and 74.4 mK m~! with distinct peaks at depths of approximately 1,200
and 1,600 m. In the shallowest 1,000 m, the gradient increases with depth, most prominently in the first 120 m and
between 860 and 1,000 m. Near the surface (20-120 m), the temperature gradient is as low as 16.7 + 3.5 mK m~".
Between 120 and 860 m, it averages 30.4 + 7.7 mK m~!. Four apparent positive temperature gradient anomalies
can be distinguished in Figure 2b.

3.2. Thermal Conductivity and Heat Flow

Thermal conductivity measurements were performed on samples collected from the SK-2e (n = 404) and adja-
cent boreholes SK-1n (n = 148) and N2 (n = 11). Because cores were not recovered during drilling for the upper
section (less than 2,800 m) of the SK-2e borehole, samples from the adjacent borehole SK-1n (~60 km west of
SK-2e and 0-2,000 m continuous cores) and N2 (~150 km southwest of SK-2e) were collected to complement
the data set. The thermal conductivity was measured by a high-precision non-contact optical scanning technol-
ogy (Popov et al., 1999). Measurements were performed on dry cores along a scanning line on a diametral plane
at ambient temperature. The measured values were corrected to the in situ conditions through water-saturated
(porosity) (Beardsmore et al., 2001) and temperature corrections (Sekiguchi, 1984). The porosity was obtained
from the neutron log (Chen, 2018; Zou et al., 2018). A pressure correction was neglected because the maximum
thermal conductivity increase remains within 1.3%, according to Kappelmeyer and Haenel (1974).

Below 2,800 m, the in-situ thermal conductivity is adopted. Above 2,800 m, the thermal conductivity is referred
to as the average value of the SK-1n and N2 for the corresponding formations (i.e., K,q to Q, as illustrated by the
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Figure 3. (a) Thermal conductivity, (b) U-Th-K concentration, (c) heat production, (d) porosity and permeability, (e) heat
flow, and (f) stratigraphic column of SK-2e. The different colored spots in (c) present the rock types as in (f).
stepped lines in Figure 3a). The measured thermal conductivity values range from 2.24 to 3.56 W m~! K~! and
exhibit a slightly increasing trend with the depth (Figure 3a). Water-saturated correction of thermal conductivity
is essential for the samples from the shallow high-porosity stratum, with a maximum correction as high as 40%.
The porosity decreases to ~2% at the bottom of the hole, where the water-saturated effect decreases to less than
1%. The maximum temperature correction of thermal conductivity is about —18% at the maximum measured
depth of 6,100 m (205°C). The measured and fully corrected profiles are shown in Figure 3a. The fully corrected
thermal conductivity tends to increase with depth in the interval of 0-2,000 m and stabilizes thereafter due to the
combined effects of declining porosity and increasing temperature.
The heat flow was calculated as the product of the least squares smoothed temperature gradient and the thermal
conductivity, derived at approximately 20-m depth intervals, as shown in Figures 2c and 3e. The vertical heat-flow
JIANG ET AL. S5of 10
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values range from 18 to 170 mW m~2, with moving average estimates mostly in the range of 50-80 mW m~2.
An increasing trend is observed in the shallower section of the borehole, and a gradually decreasing trend occurs
in the deeper section. The heat flow increases from approximately 28-32 mW m~2 in the uppermost 120 m to
45-60 mW m~2 in the 120-860 m interval and then rises to 110-120 mW m~2 from 860 to 1,600 m. Below this
depth interval, the heat flow gradually decreases to 65 mW m~2 at a depth of ~3,340 m. The depth interval of
3,340-3,920 m reveals an apparent anomaly with a magnitude of 86 mW m~2. Below 4,000 m, the heat flow
exhibits more minor fluctuations and relatively constant heat flow, with an average of 66 mW m2.

3.3. Heat Production

The heat-production value is calculated through the empirical equation (Birch, 1954):
A =107p(9.52Cy + 2.56Cr, + 3.48Ck) 1

where A is the heat production in pW m=%; p is the density in kg m~3; C;; and Cy, are the U and Th concentra-
tions; respectively, in ppm, and C, is the K content as a percentage. The uranium and thorium concentrations
were acquired through inductively coupled plasma mass spectrometry, and the potassium concentration was
determined by X-ray fluorescence spectroscopy. The density was obtained from the neutron log (Chen, 2018; Zou
et al., 2018). The U, Th, and K concentrations in 158 core samples were measured from 2,800 m to the bottom at
depth intervals of 20-50 m.

The vertical variations in the U, Th, and K concentrations and heat production with depth are shown in Figures 3b
and 3c. Overall, the samples show relatively low U, Th, and K concentrations, with a high Th/U ratio, with a mean
of 4.3 + 2.8, which is much greater than the global mean of 2.5. The heat production values estimated from the
U, Th, and K concentrations are also low (sandstones: 0.75 + 0.31 pW m~3; mudstones: 0.81 + 0.36 pW m~3,
volcanic rocks: 0.75 + 0.29 pW m~3; and metamorphic rocks: 0.76 + 0.18 pW m~3). No distinct differences in
the concentrations of the radiogenic elements, heat production, or Th/U ratio are observed among rock types
(Figure 3c). The integrated heat production contribution in the upper 6,000-m sedimentary cover is equivalent
to ~5 mW m~2 in heat-flow terms. The characteristic heat-flow value of 66 mW m~2 obtained in the deepest
borehole section yields an equilibrium surface heat value of 71 mW m~2 after the heat production contribution
is taken into account.

4. GST Inversion Method and Input Data

Given the similar lithology and rock properties throughout the SK-2e borehole (Figures 3d and 3f), the lower
heat flow (28-60 mW m~2) in the upper 860 m than the deeper sections (Figures 2c and 3e) probably implies a
significant perturbation from equilibrium, likely due to GST changes, which are explored in the section below.

4.1. Methodology

The forward model of borehole climate reconstruction is based on pure conductive heat transfer in a homogene-
ous semi-infinite half-space porous medium. We use finite difference techniques to solve the 1-D time-dependent
heat conduction Equation 2, with the up (z = z,)) temperature boundary (7) and bottom (z =z,
flow boundary conditions set as Equations 3 and 4, respectively.

) constant heat

'max

JT d oT
(05 + (450 ) —a=0 )
T (zo,1) = Tos(?) 3)
oL @
9z (Zmax) = Fa (4)

where the index e marks effective properties that describe the rock—fluid two-phase system as given by (pc)
.= op,c,+ 1 —@)p,c,, where the index of w and m represent water and matrix, and ¢ represents porosity. g,

is the assumed basal heat flow at z,_ .

To obtain a quantitative and stable GST history path, we performed a 1-D Tikhonov deterministic method
inversion and a Bayesian stochastic approach with a Metropolis-Hastings Markov Chain Monte Carlo (MCMC)
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Figure 4. Tikhonov inversions and Markov Chain Monte Carlo (MCMC)
inversions of the SK-2e geothermal data in 60—600 m intervals. (a) Estimated

histories between 30 and 0.1 Kyr BP, based on 4.0 x 10® samples, of which
29% were accepted. At earlier times, the modeling results of the two meth-

ground surface temperature history using the Tikhonov and MCMC inversion ods are different. The inverted vertical temperature profile fits well with the
methods. (b, ¢) Temperature residuals of Tikhonov and MCMC inversions. observed values, with temperature residuals smaller than 0.05 K (Figures 4b

and 4c).

GST histories estimated using both methods show overall warming of

approximately 10 K from approximately 20 Kyr. We note the MCMC inver-
sion results in several abrupt and possibly excessive temperature changes of magnitude ~5 K on centennial to
millennial time scales at approximately 4-30 Kyr BP. The Tikhonov inversion aims to derive one “optimum”
model, which may produce many equivalent models (Mottaghy et al., 2013; Rath & Mottaghy, 2007), whereas
MCMC methods yield a joint posterior distribution of the parameters. Considering GST history inversions high-
light only the low-frequency variability (Pollack et al., 2006), the smooth Tikhonov inversions can reflect the past
GST variations, probably better than the variable MCMC results. Unless specified, the reconstructed GST in the
following sections refers to Tikhonov inversions.

The GST reconstructions for the period from 0.1 to 30 Kyr BP are consistent with previous studies. The use of
temperature intervals at depths greater than 60 m means that our inversions are not sensitized to GST changes
over the last century. We note that the Tikhonov inversions are consistent with the last five-century cumulative
GST change of 4+2 K (Figure 4a), which is consistent with the value in southeastern Australia (Beardsmore
et al., 2017) and slightly larger than the average of 1.1 K in the Northern Hemisphere (Huang et al., 2000). The
results also exhibit a 10 K GST rise from the minimum temperature during the Last Glacial Maximum, which
is consistent with the scientific drilling in Olkiluoto (Kukkonen et al., 2011), but lower than those determined
in northern Poland (~13 K) (Majorowicz & Safanda, 2008) and northwestern Russia (12—-13 K) (Demezhko &
Shchapov, 2001).

The fact that the inversions diverge for periods greater than 30 Kyr BP means that our confidence in the GST
histories before the Last Glacial Maximum is low. This may in part reflect the impact of thermal effects of tran-
sient fluid migration in the deeper part of the section modeled in GST inversions. Furthermore, because the top
40 m of the temperature log is likely impacted by groundwater flow and seasonal temperature variations, these
suggest the decreased temperature in the last tens of years in both inversions is not considered reflective of
climate change.
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5.2. Uncertainties From Local Heat Convection

The inversions discussed above show that even in the presence of localized basin-scale fluid movements, the
borehole temperature can still record the past GST signals. The new thermal equilibrium was reached after
the stable and long-lasting fluid migrations. The heat effect of fluid migration is equivalent to the lower
boundary of variable heat flow. Furthermore, most climate reconstruction boreholes are only a few hundred
meters deep (Beltrami et al., 2006), despite the recorded temperature period revealing little hydrologic activ-
ity, and the deeper interval is uncertain. Local fluid activity may exist in most circumstances. The local fluid
convection beneath the recorded maximum depth (particularly far from the borehole bottom) would not erase
the GST history signals, as shown by the consistency among the GST reconstructions (Beltrami et al., 2017,
Erkan et al., 2019; Vogt et al., 2014). To further validate the above discussion, parameter numerical simula-
tion experiments were conducted. The thermal effect of fluid activity was equivalent to a sharp increase in
temperature at the corresponding depth, forming a temperature field, which was then used as input for inver-
sion. The results showed that assuming a +5 K groundwater temperature change at depths below 1 km, the
inverted temperature rise varies between 8 and 12 K since 20 Kyr BP. This result remains consistent with this
and previous studies (see Supporting Information S1 for details). Although utilizing thermo-hydro modeling
would be helpful in testing and removing the effects of fluid convection (Vogt et al., 2014), it requires far more
computational resources and involves more uncertainties in additional hydraulic parameters for modeling the
fluid flow.

5.3. Affecting Heat Flow Estimate

The aforementioned result also serves as a reminder for utilizing caution when determining heat-flow data from
shallow boreholes. The borehole depths should be taken into account when analyzing the heat-flow distribution,
particularly for sedimentary basins. For instance, advective fluid flow and paleoclimate mask the deep heat-flow
signal, as shown by the increasing trend of heat flow from the western to central areas of the Songliao Basin
(Figure 1c). In this regard, the SK-2e shows the importance of superdeep boreholes in establishing criteria for
discerning the relative contributions of these different factors to the observed temperature gradients and heat
flow. A detailed analysis of the vertical variation in the heat flow has implications for obtaining high-quality
heat-flow data to remove the effect of lateral convective heat and GST changes. The newly determined heat
flow is consistent with the values determined from other deep boreholes penetrating the crystalline basement in
eastern China (Figure 1a), including CCSD-MH, (~66 mW m~2 at 4,600 m) (He et al., 2009), and borehole LZ
(~69 mW m~2 at ~3,500 m) (Jiang et al., 2016). The consistency among the three heat-flow values implies that
heat flow in eastern China is quite typical for a continental interior.

6. Conclusions

The equilibrium temperature log and thermal conductivity data yield a 6,100-m vertical heat-flow profile in
SK-2e. The lower section of the profile exhibits a representative background heat-flow value of 66 mW m~2
from 4,000 to 6,000 m, corresponding to a surface value of 71 mW m~2 when the ~5 mW m~2 heat-production
contribution in the upper layers is factored in. The heat-flow profile in the uppermost 600 m mostly recorded
a 2 K rise of GST in the last five centuries (0.1-0.6 Kyr BP) and a 10 K rise of GST since the Last Glacial
Maximum (~30-20 Kyr BP). These results also suggest that the paleoclimate effects have reduced the apparent
heat-flow data measured in the uppermost 1 km by as much as 10-20 mW m~2. Significant localized positive
heat-flow anomalies within the deeper segments agree well with the identified high-porosity/permeability zones.
A comparison of the surrounding vertical heat-flow profiles indicates that the heat-flow anomalies are regionally
distributed in the Songliao Basin and can be attributed to differences in the advective heat transport. Our study
not only emphasizes the importance of high-quality geothermal temperature logging data in reconstructing past
climates but also reveals their potential for climate correction for heat-flow determinations.

Data Availability Statement

All the observation data are provided in Data Sets S1-S9 and are available on FigShare (https://doi.org/10.6084/
m9.figshare.22273054.v4).
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