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Abstract: Due to frequent large earthquakes in the Lanping-Simao fault basin—located in China’s
Yunnan Province—the Simao observation well has observed groundwater discharge, as well as Ca2+,
Mg2+, and HCO3

− concentrations every day between 2001–2018. Over 18 years of observations,
M ≥ 5.6 earthquakes within a radius of 380 km from the well were seen to cause hydrochemical
variations. In this study, we investigated CO2 release and groundwater mixing as possible causes of
regional earthquake precursors, which were caused by the characteristics of the regional structure,
lithology, water-rock reactions, and a GPS velocity field. Precursory signals due to CO2 injection
are normally short-term changes that take two months. However, groundwater mixing linked to
earthquakes was found to take, at the earliest, 15 months. The proportion of shallow water that
contributes to mixing was found to significantly increase gradually with the stronger regional strain.
These finding delineate the two mechanisms of earthquake-induced hydrochemical variations in an
observation well, and would contribute to a better understanding of chemical changes before events
in the Simao basin.

Keywords: hydrochemistry; earthquake precursor; CO2 injection; groundwater mixing; long-term
observation well

1. Introduction

Earthquake-induced geochemical processes are complex natural phenomena. Many
earthquakes occur in areas where underground fluids are inaccessible; however, the hy-
drochemical constituents are important parameters that can provide precursory informa-
tion [1,2]. The chemical composition of groundwater provides information about fluid
transfer during crustal deformation, while gases can provide information about deep fluid
migration towards the Earth’s surface [3,4]. Since the 1960s, numerous studies have re-
ported changes in groundwater chemistry before earthquakes over wide temporal and
spatial ranges [5–11].

There are many reasons for earthquake precursors at sites both proximal and dis-
tal to an epicenter, including the increased injection of deep-trapped CO2 into aquifers,
the mixing of groundwater components in response to crustal dilation, dilation due to
increasing numbers and sizes of microcracks, the squeezing of gas-rich pore fluids out
of the rock matrix and into aquifers, increased rock/water interactions, and permeability
dominant with increasing lithostatic load [12–20]. Earthquake-related changes at sensitive
sites are usually similar for different earthquakes, regardless of the earthquakes’ locations
and focal mechanisms [21–27]. Some areas have hosted experimental monitoring activities
in geofluids oriented to geodynamic monitoring and to research about possible earthquake
precursors [28], especially in China. However, the research of mechanisms driving changes
are still not enough [2,29]. Therefore, it is necessary to research the repeated response before
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strong events to better understand chemical change mechanisms in long-term continuous
hydrochemical observations.

The Lanping-Simao fault basin, located in southwest China in the Yunnan Province,
has both a complex geological structure and frequent earthquakes of M ≥ 6 [30]. Previous
work has shown that CO2 release and groundwater mixing due to pre-seismic tectonic
movement both occur in this region [31]. Geochemical observations are known to be
sensitive to pre-seismic CO2 release and groundwater mixing [4,32]. The long-term mon-
itoring of ion concentrations in observation wells can reveal the precursory signals of
earthquakes [1,11,33,34]. In this study, we used 18 years of observation data from the Simao
groundwater observation well to comprehensively analyze the precursory characteristics
of M ≥ 5.6 earthquakes within a radius of 380 km. In this study, we focused on long-
term hydrochemical characteristics caused by two genetic mechanisms: CO2 injection and
groundwater mixing. Herein, we attempted to decipher possible hydrochemical precursory
signals in Simao basin.

2. Geological Setting

The Lanping-Simao fault basin is a seismically active thrust and strike-slip fault zone
formed by the collision and continuous compression between the Indian and Eurasian
tectonic plates [35]. The basin has a tectonic association with continental rift volcanism
and an abundance of geothermal hot springs [36,37]. During the Himalayan Orogeny
(68–23 Ma), a number of alkaline magmatic intrusions with mantle enclaves formed within
the basin [38–40]. This directly led to an abundance of CO2-rich fluid inclusions, and
CO2 release may be an important precursory phenomenon. Based on CO2/3He, 3He/4He,
and 13CCO2 isotopic evidence, hydrothermal gases (CO2) from the Simao basin are orig-
inally sourced from deeper within the mantle [41]. Although sandstone-type orebodies
are stratiform, mineralization is best developed close to regional faults [42]. Gangue min-
erals are mainly quartz and calcite [40]; carbonization is common in the schistosity zone,
reflecting brittle tectonic deformation [43]. The water yield property is quite different in
the basin. The carbonate rock area in the middle and edge of the basin is dominated by
karst water, and the basin is dominated by structural fissure water and dissolved pore
water in a large range. It is easy to enrich structural fissure water in the fault fracture
zone along the fault. Furthermore, there are many interlayer water storage layers with
frequent alternation of aquifers and aquifers. This leads to easy mixing of groundwater
with different chemistries [37]. Groundwater comes from atmospheric precipitation and
the recharge elevation is about 1257–2351 m by the results of hydrogen and oxygen isotopic
composition. Moreover, the hot spring circulation depth in the basin is about 1123–3443 m
deep, according to the quartz thermometric scale [37].

The Simao observation well (101.05◦ E, 22.73◦ N) was established for seismic moni-
toring and earthquake prediction (Figure 1). It is a water well with a depth of 112.27 m.
The casing section extends to 26.69 m, and the sampling water is a mixture of inputs from
multiple aquifers at depths between 26.69 and 110.76 m. It is fracture-confined water and
the flow rate is 0.3~0.6 L/s [44]. The water yield property is high [45]. The lithology of the
main aquifer is gray-green medium–thick quartz clastic sandstone with calcite dikes; its
hydrochemical type is HCO3-Ca·Na. Silty mudstone at a depth of 14.03–26.69 m provides
an overlying impermeable layer, and so the aquifer is seldom affected by seasonal rainfall.
A gray-green tuffaceous mudstone at a depth of 110.76 m provides a barrier with a deeper
aquifer (Figure 2).
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Figure 1. Location of the Simao observation well, Yunnan Province, China. Red circles denote earth-
quakes of M ≥ 5.6 within a radius of 380 km (2001–2018). 

 
Figure 2. Schematic diagram of the Simao observation well borehole. 
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3. Methods
3.1. Hydrochemical Observations

The Simao observation well hydrochemical data used in this study are daily data
(measured at a fixed time of 8:00 (GMT +8)) from 1 January 2001 to 31 December 2018. The
Mg2+ and Ca2+ concentrations were determined using the ethylene diamine tetraacetic
acid (EDTA) volumetric method. The Ca2+ concentration was titrated with an EDTA
standard solution at pH 12, while the combined Ca2+ + Mg2+ concentration was titrated
with an EDTA standard solution at pH 10. The Mg2+ concentration was calculated using the
subtraction method. The HCO3

− concentration was determined by acid-base neutralization
titration. Groundwater discharge was measured by the total amount method, in which
water is collected in a measuring cup and the discharge is calculated based on volume and
time.

3.2. Hydrochemical Survey

In order to understand the anomaly mechanism of hydrochemical observations, or the
relationship between ion changes of the observation well and the shallow water around
it, additional water samples were collected from two shallow wells, a deep well, and two
surface water sites (including a reservoir and a lake) near the Simao observation well. The
neighboring deep well (from which a sample was collected in May 2018) is located 544 m
from the Simao observation well; the source aquifer is at 117–197 m (i.e., deeper than that of
the Simao observation well). The sample from the No. 1 shallow well was collected in May
2018; the well is 80 m from the Simao observation well. The sample from the No. 2 shallow
well was collected in November 2016; the well is 500 m from the Simao observation well.
Both of the shallow well aquifers are shallower than that of the Simao observation well. The
lake and reservoir are 5 and 8 km from the observation well, respectively; samples were
collected in November 2016. Water samples were filtered with 0.45-µm filters and collected
in two 100-mL polyethylene bottles. Ion concentrations were measured at the Institute of
Earthquake Forecasting, China Earthquake Administration. Cation (K+, Na+, Mg2+, Ca2+).
Anion (F−, Cl−, NO3

−, SO4
2−) concentrations were determined using a Dionex ICS-900

ion chromatographer (reproducibility within ±2%); HCO3
− concentrations were measured

using standard titration procedures with a ZDJ-100 potentiometric titrator (reproducibility
within ±2%).

3.3. Seismic Activity

Studies have shown that hydrochemical anomalies can occur hundreds of kilometers
from earthquake epicenters [46–49]. The Dobrovolsky et al. [50] formula is usually used to
estimate the earthquake selection range of precursors and is expressed as:

R = 100.43 M (1)

where R is the radius of the effective precursory manifestation area depending on the
earthquake magnitude. We focused on the characteristics of geochemical anomalies before
large earthquakes. According to the Dobrovolsky formula, the epicentral distance radius
of M 6 earthquakes can reach 380 km. We expanded the scope of the study by including
all M ≥ 5 earthquakes within a radius of 380 km around the Simao observation well. We
identified 21 eligible earthquakes in the United States Geological Survey (USGS) database.
However, we found that while all of the M ≥ 5.6 earthquakes caused sudden increases in
groundwater discharge within 1 day, earthquakes of 5.0 < M < 5.5 were not associated with
such changes. On this basis, we believe that variations in geochemical ion concentrations
before M ≥ 5.6 earthquakes can effectively reflect tectonic genesis mechanisms. As a result,
10 earthquakes of M ≥ 5.6 with epicenters within 380 km of the Simao observation well
were selected for inclusion in this study (Table 1).
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Table 1. Earthquakes of M ≥ 5.6 within 380 km of the Simao observation well (2001–2018).

No. Date Location Magnitude (MW) Longitude (◦E) Latitude (◦N) Epicentral Distance (km) a

1 21 July 2003 Dayao, China 6.0 101.290 25.975 362

2
16 May 2007 Laos 6.3 100.732 20.503 250
2 June 2007 Ning’er, China 6.1 101.020 23.050 36

23 June 2007 Myanmar 5.6 99.779 21.473 192

3
24 March 2011 Myanmar 5.7 99.770 20.650 267
24 March 2011 Myanmar 6.9 99.822 20.687 261

4
7 October 2014 Jinggu, China 6.1 100.470 23.383 94

5 December
2014 Jinggu, China 5.6 100.474 23.336 89

6 December
2014 Jinggu, China 5.6 100.533 23.358 88

5 8 September
2018 Mojiang, China 5.7 101.578 23.332 86

a Distance from the Simao observation well.

According to their occurrence time, the earthquakes were divided into five groups.
Groups 1 and 5 contain just one earthquake apiece (Figure 1 and Table 1). Groups 3
and 4 contain multiple earthquakes occurring in same area. In group 2, the three earth-
quakes occurred at similar times but in quite different locations (Figure 1 and Table 1).
Groundwater discharge increased after both the Laos and Ning’er earthquakes of group
2; however, the change in discharge after the Ning’er earthquake was 3–4 times that of
the Laos earthquake. This indicates that owing to its short (36 km) epicentral distance,
the Ning’er earthquake had the greatest impact on the Simao observation well among the
events in group 2. In group 3, the two earthquakes in 2011 were a foreshock (M 5.7) and
mainshock (M 6.9). Group 4 contains a mainshock (M 6.1) and two aftershocks. On this
basis, the event times of the Dayao M 6.0, Ning’er M 6.1, Myanmar M 6.9, Jinggu M 6.1,
and Mojing M 5.7 earthquakes were used to mark the ends of the pre-seismic anomaly
periods for each group.

4. Results
4.1. Hydrochemical Observations

Ion concentrations varied within relatively small ranges over the 18-year observation
period (Figure 3); Ca2+ ranged from 35.1 to 41.2 mg/L, Mg2+ ranged from 6.0 to 8.3 mg/L,
and HCO3

− ranged from 201.6 to 313.5 mg/L. However, before the five groups of events,
Ca2+, Mg2+, and HCO3

− exhibited obvious changes; the anomaly amplitudes had no
significant relationship with seismic magnitude or epicentral distance. Furthermore, ion
concentrations fell and then recovered or remained low until the earthquake occurred in
each of the five groups. The start times and variations in amplitude of hydrochemical
anomalies are listed in Table 2.

4.2. Atmospheric and Meteorological Conditions

Observations of atmospheric pressure and rainfall are available from 1 December 2003
(Figure 3). Atmospheric pressure shows a clear seasonal variation, but no relationship with
ion concentrations (Figure 3). There is also no direct relationship between rainfall and ion
concentrations; however, the rainy season may have some influence on the anomalies of
different precursors, as discussed below.
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Figure 3. Time series of Ca2+, Mg2+, and HCO3
− concentrations (mg/L), along with groundwater

discharge, atmospheric pressure, and rainfall at the Simao observation well from 2001 to 2008. The
dates of M ≥ 5.6 earthquakes within a 380 km radius are marked by vertical red dashed lines.

4.3. Hydrochemical Types

The hydrochemical type of the deep well sampled in 2018 is HCO3-Ca·Na. The
hydrochemical types of all surface water sources are HCO3-Ca (including both shallow
wells and the neighboring reservoir and lake). From the Schoeller diagram (Figure 4), the
Simao observation well samples from 2016 and 2017 were consistent; there was a minor
deviation in 2018, when the sample was collected in the period immediately before the
Mojiang earthquake. Regardless, the data confirm that the Simao observation well aquifer
and the deep well aquifer have the same material source; the lithologies of the two aquifers,
and their water-rock reaction results are consistent. As such, ion concentrations in the
deep well can be used as an endmember water source. This differs from the relationships
between the ion concentrations of the Simao observation well aquifer and those of the
other shallow water samples (Figure 4). The shallow aquifers and surface water are all
able to enter the Simao observation well aquifer during tectonic movements, which could
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be one of the main factors affecting the changing ion concentrations. A discussion of our
results is based on the assumption that the deep and shallow aquifers represent the two
endmembers of possible water sources.

Table 2. Pre-seismic hydrochemical variations in Simao observation well water a.

Earthquake Dayao M 6.0
Laos M 6.3

Ning’er M 6.1
Myanmar M 5.6

Myanmar M 5.7
Myanmar M 6.9

Jinggu M 6.1
Jinggu M 5.6
Jinggu M 5.6

Mojiang M 5.7

Change
Time

before
event

Change
Time

before
event

Change
Time

before
event

Change
Time

before
event

Change
Time

before
event

Precursory
anomaly

Ca2+
↓ 7% 13

months ↓ 4.2% 12
months ↓ 5.9% 2 months ↓ 2 months ↓ 7% 7 months

↑ 9.2% 5 months

Low
value
main-
tained

10
months Recovery 1 month Recovery 1 month Recovery 1 month

↓ 1 month ↓

Mg2+
↓ 14% 12

months ↓ 10.8% 15
months ↓ 5.8% 2 months ↓ and

recovery 15 days ↓ 7 months

↑ 21.9% 10
months ↑ 11.6% 9 months Recovery 1 month

↓ 1 month ↓

HCO3
−

↓ 4.5% 12
months ↓ 7.1% 12

months ↓ 6.4% 19
months ↓ 2.7% 21

months ↓ 7.6% 8 months

↑ 8.4% 10
months ↑ 6.2% 6 months Recovery 8 months ↓ 2.8% 11

months Recovery 5 months

↓ 1 month ↓ 5.7% 6 months ↓ 2 months
↓ 4.5% 1 month

a Data for all earthquakes of M ≥ 5.6 within 380 km of the Simao observation well, Yunnan Province (2001–2018); ↓ without data denotes a
change of less than 2%.
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5. Discussion
5.1. Genetic Characteristics of Hydrochemical Precursors Due to CO2 Injection

Pre-seismic magmatic and tectonic activity is normally associated with the movement
of deep crustal fluids [18,51–53]. Changes in hydrochemistry (i.e., ion concentrations)
owing to gas release from deep fault zones or from intensified water-rock reactions before
earthquakes have been observed [19,54,55]. Among these phenomena, CO2 is the one of the
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main gases released during seismic activity and is responsible for water-gas-rock interaction
processes that can change the cation and anion concentrations of groundwater [4,56]. This
CO2 can be derived from three different sources: (1) mantle degassing and migration along
faults; (2) degassing of carbonates in sedimentary rocks or water-rock interactions between
brine and argillaceous rocks; and (3) biochemical CO2 resulting from the decomposition of
organic matter [57]. Owing to two small volcanic eruptions during the Quaternary [58],
faults and CO2-rich fluid inclusions occur within the study area; the transport of CO2 along
strongly activated faults affects the chemical composition of groundwater. This response is
much more significant than that caused by fluid migration.

Evidence from He-CO2 systematics within hydrothermal gases reveals a mantle de-
gassing extends to the localized magma degassing in the Simao blocks which is associated
with Quaternary mantle-derived volcanism [41]. Mantle Helium proportion of the Simao
samples reaches as high as 73% at hot springs which is less than 36 km from the observation
well. Samples about 24 km far from the observation well show that δ13CCO2 is −7.2‰,
which is significant deep mantle source. The calculated carbon inventory from mantle is
62.8%, that from carbonate is 26.8%, and that from organic sediments is 10.4% [41]. Tectonic
activities are one of the primary mechanisms for liberating deeply-sourced CO2 from the
Earth’s interior to the surface [59]. CO2 injection is thus the important process that can
result in chemical changes during earthquake preparation in this observation well.

At the Simao observation well, the lithology of the main aquifer is a gray-green
medium–thick quartz clastic sandstone with calcite dikes; the hydrochemical type of the
water is HCO3-Ca·Na or HCO3-Na·Ca. Magnesium- and calcium-rich aquifers neutralize
and trap injected CO2 through the precipitation of calcite (CaCO3), dolomite (CaMg(CO3)2),
and magnesite (MgCO3) [60]. Carbonate rocks interact with CO2, with the absorption
of 1 mol of CO2 producing 1 mol of Ca2+ and Mg2+. Therefore, in an ideal state, the
ratio of HCO3

− (mmol/L) to Ca2+ + Mg2+ (mmol/L) is always 2:1 based on carbonate
weathering [61,62]. Assuming that observed pre-seismic changes in hydrochemistry result
only from CO2 injection, HCO3

− concentrations should be positively correlated with the
Ca2+ + Mg2+ concentration (Equations (2) and (3)); however, owing to the relatively small
amount of Mg2+ in calcite [63], HCO3

− concentrations can also have a positive correlation
with Ca2+ only (Equation (2)).

CaCO3 + CO2 + H2O⇔ 2HCO3
− + Ca2+ (2)

MgCO3 + CO2 + H2O⇔ 2HCO3
− + Mg2+ (3)

As is shown in Table 1 and Figure 3, the earliest ions concentration variations before
earthquakes are 21 months with HCO3

− concentrations. We compared the hydrochemistry
of the observation well water from the 21 months decreasing until 2 months before the five
groups of earthquakes in order to identify the correlation between HCO3

− and Ca2+ + Mg2+

concentrations, and that between HCO3
− and Ca2+ concentrations as the result of CO2

injection. We found correlations two months before some events (Figure 5). Three groups
(groups 1, 3, and 4) had strong positive correlations, with changes in ion concentrations
affected by CO2 injection. Precursory anomalies caused by CO2 injection occurred shortly
before an earthquake series.
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Figure 5. Relationships between HCO3
− (mmol/L) and Ca2+ concentrations (mmol/L), and between HCO3

− (mmol/L)
and total Ca2+ + Mg2+ concentrations (mmol/L) in the 2-month period before five groups of earthquakes. Both the Laos
and Ning’er earthquakes belong to group 2. The Laos earthquake was the earliest and largest event in group 2, while the
Ning’er earthquake had the shortest epicentral distance. Blue circles denote pre-seismic data; red lines show the linear
regressions through the data; ‘R’ is the correlation coefficient.
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However, groups 2 and 5 did not show a correlation (Figure 5). Obviously, CO2
injection is not the dominant reason causing the change of ion concentrations in these
two groups before events. As we know, changes in ion concentrations can result from
pre-seismic tectonic movement or from interference effects such as rainfall [4,32]. Com-
prehensive analysis of the magnitude, epicentral distance, number of earthquakes, and
seasonal timings off the five groups with respect to precursory CO2 injection shows that sea-
son has the most significant link in shorter epicentral distance. Groups 3 and 4 earthquakes
occurred in the non-rainy season, and CO2 injection was clearly the main factor in driving
the precursory anomalies, regardless of epicentral distance, magnitude, or the number
of earthquakes. Precursory anomalies controlled by CO2 injection are characterized by
significant decreases and recovery of Ca2+, Mg2+, and HCO3

− concentrations over a short
period of time before the earthquakes (Figure 1 and Table 2). In contrast, the earthquakes
in groups 1, 2, and 5 occurred during the rainy season, which anomaly mechanism was
complex. Tectonic movement caused fault slip and pore fracture increased before events.
Rainfall may accelerate its infiltration into the aquifers in the rainy season and cause the
decreasing of ion concentrations, because the ion concentrations of rainwater are lower
than those of the aquifers [37]. Furthermore, different aquifers could mix through tecton-
ically created fissures formed within normally impermeable strata. Thus, the causes of
precursory anomalies are more complex in the rainy season, which may be the result of the
superposition of CO2 injection, rainfall and mixing. For earthquakes that occurred during
the rainy season and with epicentral distances within a radius of 250 km, CO2 injection was
not the main factor for precursory anomalies, regardless of the magnitude or number of
earthquakes. However, before the Dayao earthquake, which had an epicentral distance of
362 km, CO2 injection was the most significant cause of the precursory anomaly, although
it was also affected by rainfall (Figure 5). Too far epicentral distance may weaken rainfall
infiltration into the observation aquifers.

In summary, CO2 injection could be the dominant fact to cause precursory anomalies
of this observation well in 2 months before an earthquake series (M ≥ 5.6) in the non-rainy
season, and the same with a far epicenter distance in rainy season. But, for a shorter
epicenter distance, the combined effect of CO2 injection, rainfall and mixing caused the de-
crease of Ca2+, Mg2+ and HCO3

− concentrations due to tectonic movement in rainy season.
However, the significant synchronous decrease of Ca2+, Mg2+, and HCO3

− concentrations
in the observation well should be the signal for predicting M ≥ 5.6 earthquakes over a
short time period in the study area.

5.2. Genetic Characteristics of Hydrochemistry Precursors Due to Mixing

Owing to southward clockwise rotation and extrusion of the Sichuan-Yunnan block,
the Simao terrane has been compressed by the Sichuan-Yunnan block in a near NNE
direction [64]. When the compressional load of a rock exceeds half of the compressive
strength, the volume of the rock undergoes an inelastic increase (i.e., dilatancy) caused by
micro-cracking. The dilatancy effect should be more pronounced around thrust faults [65].
Dilatancy may play an important role in triggering earthquakes [66], and earthquakes of
this kind could show pre-seismic hydrochemical changes due to mixing between ground-
water components [3,12,31,67]. For example, pre-seismic hydrogeochemical changes were
recorded 1–10 weeks before the 2002 MW 5.8 earthquake in Iceland [18]. In October 2012
and April 2013, pre-seismic hydrogeochemical changes were recorded 4–6 months before
Mw 5.5 and 5.6 events in Iceland [10].

Based on the research of permeability in the Simao observation well, there were
significant permeability changed during the 2011 M 6.9 Myanmar earthquake and the
2014 M 6.1 Jinggu earthquake [45]. There was vertical flow exchange. The result of δD
and δ18O from January to October in 2018 shows that the characteristics of mixing was
significant during the September 2018 M 5.7 Mojiang earthquake [68]. For this study, cation
concentration occurred the earliest anomalies in 15 months before earthquakes (Figure 3
and Table 2); as such, we took data from 450 days before each group to analyze the possible
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mixing process. The hydrochemical types of the Simao observation well aquifer and the
upper and lower aquifers represented by neighboring wells are dominated by Ca2+ and
HCO3

−. Based on the assumption that the main Simao aquifer is affected by inputs from
both the upper and lower aquifers, we took data from the neighboring shallow wells
and from the deep well to represent endmember mixing sources. Ca2+ and HCO3

− were
selected as coordinates, and data from 450 days before each of the five earthquakes were
selected (Figure 6). The results confirm pre-seismic mixing before earthquakes, suggesting
that the most likely mixing scenario is that of the aquifers feeding the deep well and the
No. 2 shallow well; pre-seismic data for all five earthquakes are located near the tie-line
between these two endmembers (Figure 6). The ratios of Ca2+ and HCO3

− concentrations
before the events in groups 1, 2, 3, and 5 fluctuate along the tie-line between the upper
and lower aquifers, and likely reflect the mixing of the different aquifers (Figure 6). The
precursory anomalies caused by mixing occurred very earlier before an earthquake series.
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Figure 6. Relationships between Ca2+ and HCO3
− concentrations among samples from a deep well,

two shallow wells, and the Simao observation well. The Simao observation well data represent
observations from 450 days before each of the five earthquake groups.

Moreover, the proportion of shallow water contributing to mixing is stable between
2003 and 2011. However, the Ca2+ and HCO3

− concentrations deviated significantly from
that of the deep well and approached to that of No.2 shallow well before Jinggu and
Mojiang earthquakes (Figure 6). The proportion of shallow water contributing to mixing
gradually increased significantly with the occurrence of 2014 Jinggu and 2018 Mojiang
earthquakes. This should be the result of the regional strain field enhancement. The GPS
velocity field during 2009–2013 and 2013–2017 were used to obtain the distributions of the
main strain rate field and area strain rate field (Figure 7) using least-square collocation
method in this region [69–71]. The results clearly show that the regional strain after 2013
was stronger than that before 2013. This also proved the result of hydrochemical mixing.
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6. Conclusions

In this study, we analyzed an 18-year time series of hydrochemical data from the
Simao observation well in the Lanping-Simao fault basin of southwest China. The results
show that the CO2 injection and groundwater mixing are both causes of regional M ≥ 5.6
earthquake precursors. CO2 injection precursory anomaly caused a short-term hydrochem-
ical variations before earthquakes due to its structure particularity in this well. The strong
positive correlation (R > 0.5) between Ca2+ and HCO3

− concentrations could be catch the
M ≥ 5.6 earthquake precursors in 2 months. The precursory anomalies caused by mixing
occurred was a long-term hydrochemical variations with earliest to 15 months before
an earthquake series. The proportion of shallow water contributing to mixing gradually
increased significantly with the stronger regional strain after 2013. Overall, this study
may provide a better understanding of two precursory mechanisms, CO2 injection and
groundwater mixing before M ≥ 5.6 earthquake in long-term observation well. This would
be especially important for exploring possible hydrochemical precursory significant.
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