
1 Introduction 
 

Jinan  is located  in  midwestern  Shandong province, 
eastern China. As one of the most important cities of the 
Bohai Rim region and the lower reaches of the Yellow 
River, it is the provincial capital of Shandong, with a 
permanent population of more than 7 million. Jinan sits on 
the southeast  edge of the North China Plain,  on the 
northern edge of the central Shandong mountains, south of 
the Yellow River and north of the Taishan Mountain. The 
terrain is high in the south and low in the north: the 
altitude of the southern mountainous area is about 100–
500 m, the altitude of the central tilted plain is about 20–
100 m and the altitude on the northern alluvial plain in the 

middle and lower reaches of the Yellow River is below 20 
m. 

Jinan is famous as the Spring City, with many famous 
springs being located in the urban region. On the one 
hand, these springs are important scenic spots and attract 
many tourists, but on the other, these springs are also 
disruptive factors in city construction (Zhang et al., 2017). 
Springs are associated with abundant groundwater and in 
Jinan, the groundwater has caused some troubles in the 
construction of underground transportation (Yang et al., 
2012; Wang et al., 2018a). In recent years, the spring flow 
has declined a lot.  Geological modelling has provided 
some suggestions for spring protection (Wu and Xu, 2005; 
Qian et al., 2006; Kang et al., 2011). 

In addition to spring water, the groundwater also exists 
in another form, that of geothermal water. There are plenty 
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Abstract: Jinan is an important city in eastern China, with rich groundwater in the region. There are four famous springs in 

the urban area and an abundance of geothermal water in the northern part, which makes the migration of groundwater in 

this area a very important issue. To study the shallow shear wave velocity structure and groundwater migration in Jinan, we 

utilized almost a month of continuous waveform data from 175 short period seismometers deployed by the Chinese 

Academy of Geological Sciences, in order to calculate the cross-correlation function. We picked 7749 group dispersion 

curves and 6117 phase dispersion curves with a period range of 0.2–2 s. Through inversion, we obtained the fine three-

dimensional shear wave velocity and azimuthal anisotropy structure (0–2.4 km). Combining the results with local 

geological and hydrological data, the following conclusions were reached. (1) There are widespread high velocity anomalies 

in the region between the Qianfoshan and Wenhuaqiao faults, as well as to the east of the Wenhuaqiao Fault, which may be 

related to the intrusive gabbro known as the Jinan Intrusive Rock. (2) The two distinct high velocity anomalies in our model 

(referred to as west and east Jinan Intrusive Rock in this paper) may indicate that the Jinan Intrusive Rock was broken 

through crustal movement. (3) There is an obvious low velocity layer under the intrusive rock, which could be the channel 

of groundwater migration. The precipitation in the southern mountain region seeps down into the ground, then is blocked by 

the Jinan Intrusive Rock and can only progress downwards to a deeper part, where the groundwater is heated by the 

geothermal gradient. The heated water finally arrives at the northern part and forms geothermal water. (4) The depth of the 

low velocity layer beneath the Jinan Intrusive Rock varies laterally, which may indicate that the depth of the groundwater 

migration is different beneath the west and east Jinan Intrusive Rock. (5) There is strong azimuthal anisotropy in southern 

Jinan, with nearly E-W fast orientation, which may be related to the tilt limestone layering structure. 
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of geothermal wells around Jinan (Feng et al.,  2013), 
especially in the north. Gao et al. (2009) divided the 
geothermal resources in this region into three categories 
(Fig. 1): (A) Paleozoic karst-crack geothermal water in the 
mountain area of central Shandong; (B) Paleozoic karst-
crack geothermal water in the depression area of west 
Shandong; (C) Cainozoic pore-crack geothermal water in 
the depression area of northwestern Shandong. Categories 
A and B are stored in the plain area and are referred to as 
the Geothermal Field in Northern Jinan. 

The formation of geothermal water in north Jinan is an 
important  question  in  this  region  for  the  reasonable 
utilization of the geothermal resource. The proportion of 
light and heavy isotopes can be affected by evaporation 
and  liquefaction.  The  oxygen  and  hydrogen  isotope 
characteristics of the geothermal water are similar to that 
of precipitation, which means that the geothermal water is 
likely to be supplied by the precipitation from the southern 
mountain region (Li et al., 2008; Wang et al., 2016). The 
cold water from the southern part seeps down to a deeper 
part, where it is heated by a deep loop (Liang, 2012). 

The infiltration of precipitation is related to the famous 
intrusive  rocks  beneath  the  Jinan  urban  district.  The 
intrusive  event  happened  in  the  Early  Cretaceous, 
according to isotopic dating studies (Xu W L et al., 2004; 
Xu Y G et al., 2004; Yang et al., 2005). The intrusive 
rocks  are  composed  of  klinaugite,  anorthose  and 
amphibole etc.  The rocks came from the lithospheric 
mantle and were contaminated by lower crustal material 
(Gao and Chen, 2013; Ding et al., 2016). 

As it has been a long time since the intrusive event, the 
heat carried by the intrusive rocks has been lost.  The 
geothermal gradient in this region is about 3.66°C/100m, 
the water being heated by intrinsic geothermy because it 
reaches a depth of about 2 km (Liang, 2012). The water 
migration model is also supported by the close connection 
of the southern cold water and the northern geothermal 
water.  The water  level  in  the  two regions  is  highly 
correlated (Zhao et al., 2009). The gradual change of the 
ionic composition in the water from south to north can be 
explained by this model (Sui et al., 2017; Cheng, 2018; 
Cheng et al., 2019). 

In  summary,  petrological and hydrochemical studies 
have depicted the general relationships of the intrusive 
rocks and water migration, but the location of the water 
migration tunnel remains undiscovered. In this study, we 
use ambient noise tomography to invert for the shear wave 
velocity model  and  anisotropy model  beneath  Jinan. 
Combined with local geological data, our model provides 
a different perspective from which to understand the water 
migration  tunnel in this area. The safety of cities is 
becoming  more  important  with  their  development. 
Studying a city’s underground space using ambient noise 
data from a dense array can easily be applied to other 
cities,  in order to establish  a database for  earthquake 
prevention and disaster reduction. 

 
2 Methods and Data 
 

Ambient noise tomography has been widely used to 

Fig. 1. Geological background of the study area and distribution of stations. 
The red star represents the location of Jinan City. The dashed lines are the boundaries between different geothermal water types: (A) Paleozoic karst-

crack geothermal water in the mountain area of central Shandong; (B) Paleozoic karst-crack geothermal water in the depression area of western Shan-

dong; (C) Cainozoic pore-crack geothermal water in the depression area of northwestern Shandong. The red diamonds are locations of geothermal 

water, with the corresponding texts indicating the average temperatures. The black triangles are the stations. The black lines are three faults in the 

region. China basemap after China National Bureau of Surveying and Mapping Geographical Information (No: GS (2019) 1652). 
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build  regional  or  global  shear  wave velocity models. 
Recently,  this method  has  been  applied to study the 
structure beneath cities (Li et al., 2016; Liang et al., 2018, 
2019a, b). The advantages of this method are: (1) it does 
not rely on earthquake data, so is applicable to regions 
lacking seismic activity, such as Jinan; (2) compared with 
active  source  methods,  it  is  cheaper  and  easier  to 
implement (Liu et al., 2015); (3) the shear wave velocity 
revealed  by  ambient  noise  tomography  is  especially 
sensitive to water,  so it is highly suitable for  use in 
studying the water migration in Jinan. 

However, the city region is noisy and full of local 
ambient noise sources. The noise of human activity can 
reduce the signal-to-noise ratio of the cross-correlation 
function. Additionally, the shallow structure is strongly 
heterogeneous, which increases the difficulty of selecting 
dispersion curves. These problems can be resolved by 
using a more reasonable process flow. 

 
2.1 Data processing 

175 short period seismometers were deployed in the 
urban region of Jinan with an average spacing of about 1 

km  (Fig.  1).  27  days  of  continuous  waveform were 
recorded. After data preprocessing (Bensen et al., 2010), 
the daily cross-correlation was calculated in 0.15–0.5 s 
and 0.5–2.0 s. Through linear stacking, the final cross-
correlation functions were obtained. The surface wave 
signal in both 0.2–0.5 s and 0.5–2.0 s was clear (Fig. 2). 

Dispersion  curves were then selected,  based on the 
image analysis method (Yao et al., 2018). Considering the 
strong  heterogeneity in  short  periods,  group  velocity 
dispersions were the first selected. The group velocity 
dispersion curves are easier to select but the measuring 
error is larger, while the phase velocity dispersions are 
more accurate  and difficult  to pick.  In  this study,  a 
reference  model  was  built  using  group  velocity 
dispersions,  the phase velocity dispersions then being 
selected, based on this reference model. This procedure 
can  reduce the  chance of  selecting  the  wrong  phase 
velocity dispersion branches. Cluster  analysis was also 
used to increase the reliability of the dispersion curves 
(Zhang  et  al.,  2018).  Finally  7749  group  velocity 
dispersion  curves  and  6117  phase  velocity dispersion 
curves were obtained (Fig. 3). The ray paths cover the 

Fig. 2. Cross-correlation function of station 1113 with other stations in the shorter (0.2–0.5 s) and longer (0.5–2 s) period band.  

Fig. 3. Group and phase velocity dispersion curves. 
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study region very well and were counted on 0.01° × 0.01°
grids in each period. In the central part, the number of 
paths in a single grid was over 1000 (Fig. 4). In the 
inversion, the data of 0.2 s to 2 s with 0.1 s interval was 
used. The short periods were covered with more abundant 
ray paths. Even in long periods, there were about 1000 ray 
paths in one period (Fig. 5). 
 
2.2 Inversion method 

The direct inversion method proposed by Fang et al. 
(2015) was used to do the inversion. Differing from the 
traditional two-step method, which  inverts for  the 2D 
phase/group velocity map prior to obtaining the shear 
velocity model, the direct inversion method can obtain the 
shear  velocity  model  directly  from  the  phase/group 
velocity  dispersion  measurements.  Another  important 
difference is that the direct inversion method uses the ray 
tracing path rather than thegreat circle path, as when the 
study region is laterally heterogeneous, the ray paths will 
bend  and  be  far  away  from  the  great  circle  path. 
According to the local geological setting, there are some 

intrusive rocks in the study area, so the direct inversion 
method can be helpful to simulate the bending ray paths. 

The inversion grid was 0.01° × 0.01° in the horizontal 
direction. In the vertical direction, the maximum depth 
was 5.2 km and the grid interval was not uniform. The 
grid point interval was 0.1 km from 0.1 km to 0.8 km and 
it was 0.2 km from 0.9 km to 1.5 km. The interval 
increases with increasing depth, until the deeper  part 
cannot  be  resolved  anymore.  The dense grids  in  the 
shallow part can parameterize the velocity structure more 
accurately and the sparse grids in the deeper part can 
absorb the residual of longer periods. The direct inversion 
method  requires a  damping parameter  to balance the 
residual and the smoothness of the model. A series of 
damping values were tested and L-curves plotted, in order 
to choose a proper parameter, ultimately conducting the 
inversion with a damping of λ = 50. 

After  deriving  the  isotropy  model,  the  anisotropy 
parameters were added to obtain the azimuthal anisotropy 
structure of Jinan. The inversion was carried out using the 
package developed by Liu et al. (2019). As this package is 

Fig. 4. Ray coverage in different periods.  
The gray lines are the ray path and the black contours denote the number of ray paths in a 0.01° × 0.01° grid point.  
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based on the framework of the direct inversion method, 
the ray path bending is also properly simulated. With the 
joint inversion of isotropic and anisotropic structure, the 
trade-off between heterogeneity and anisotropy can be 
mitigated. In the anisotropic inversion, only the phase 
velocity dispersion was used. 

 
3 Results 
 
3.1 Isotropic model 

The depth sensitivity kernel of phase and group velocity 
dispersion was calculated before the inversion of the real 
data. The group velocity dispersion data of 0.7 s was 
sensitive to the structure of around 0.5 km and the phase 
velocity dispersion data of 1.8 s was sensitive to the 
structure of around 2 km (Fig. 6). In the same period, the 
sensitive depth of phase velocity dispersion is slightly 
larger than that of group velocity dispersion. In total, the 
data can resolve the structure of 0–2 km. 

The checkerboard resolution test was also performed to 
evaluate the lateral resolution. The checkerboard model 
was built by adding ±5% velocity anomalies to adjacent 

Fig. 5. The number of group velocity and phase velocity 

measurements in different periods.  
The blue part denotes the amount of group velocity paths and the red 

part denotes the amount of phase velocity paths. 

 

Fig. 6. Sensitivity kernel of group and phase velocity dispersion in different periods.  
The bold lines denote sensitivity to shear wave velocity, the thin lines denote the sensitivity to compression wave velocity,  the 

dashed lines denote the sensitivity to density. 
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grid points (0.02° × 0.02°, about 2 km) based on the 1-D 
velocity model.  The  1-D model  was  built  from  the 
inversion with the average dispersion curve. The anomaly 
below 1 km is contrary to the anomaly above 1 km. 1% 
Gaussian noise was added to the theoretical dispersions 
calculated from the true model. After the inversion, the 
structure  of  0–2.4  km  could  be  recovered.  With  the 
abundance of phase and group velocity dispersion, the 
shallow structure could be resolved well. 

The fine shear wave velocity model of shallow Jinan 
(Fig. 8) was obtained from the inversion of the real data. 
There is a strong shear wave velocity contrast between the 
south and the north. The low velocity zone is widespread 
in  the  south,  while  the  high  velocity anomalies  are 
distributed in the north. The high velocity anomaly is 
separated,  the boundary being the  Wenhuaqiao Fault. 
From the vertical slice (Fig. 10), a low velocity layer is 
apparent beneath the high velocity anomalies. 
 
3.2 Anisotropic model 

The anisotropic checkerboard is carried out (Fig. 9). 
The anisotropy anomaly pattern is 0.04° and the amplitude 
is 3%. The fast orientation of the true model are 0° and 
90°. When the test  is noise-free,  both  the anisotropy 
anomalies in the shallow part and the deeper part are 
recovered. When there is 1% Gaussian noise, only the 
anisotropy of the shallow part can be resolved. 

The anisotropic model of shallow Jinan was obtained. 

Southern Jinan has strong azimuthal anisotropy, while the 
anisotropy in  the  north  is  weaker.  In  the  south,  the 
anisotropy magnitude can reach 5%. The fast orientation 
in  the E-W is east-west  and it is NEE-SWW in the 
northeast. 
 
4 Discussion 
 
4.1 Intrusive rocks and fault activity 

There are widespread intrusive rocks in Jinan. The 
high velocity anomalies in the northern part may be 
related to the Jinan Intrusive Rock. Geological studies 
have clarified the source and age of these rocks (Yang et 
al., 2005; Gao and Chen, 2013; Ding et al., 2016), while 
the spatial distribution of these rocks is still not clear. In 
this study, the Jinan Intrusive Rock is clearly shown by 
the high velocity anomaly. Magma tunnels are necessary 
for intrusions. In the model, the high velocity anomaly in 
the deeper part is distributed in the northwest, which may 
indicate that the intrusion was from the northwest of 
Jinan. 

The Jinan Intrusive Rock is broken  into two parts, 
referred to here as west and east Jinan Intrusive Rock (Fig. 
10). The break-up of the rock may have been caused by 
fault activity, there being three faults in the study area 
(Qianfoshan Fault, Wenhuaqiao Fault and Dongwu Fault), 
which are all normal faults. The Qianfoshan Fault is about 
30 km long and is the biggest fault in the region (Liu, 

Fig. 7. Checkerboard test: (a–f) are horizontal slices.  
(a–b) are the settings of the target model; (c–f) are the recovered slices at different depths; (g–h) are vertical slices. The location of two slices 

are marked with a yellow line in (a) and (b). The upper two show the true model while the lower two show the recovered model.  
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Fig. 8. Horizontal slices of the model at different depths.  
The short bars are the fast wave directions. The black lines are faults. The arrow in (b) shows the maximum principal compressive 

stress direction of the nearby area (Feng et al., 2017). The average direction in this region is a good reference of the local stress 

field, because the stress field of this region is relatively stable (Feng et al., 2017). 
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Fig. 9. Azimuthal anisotropy checkerboard.  
(a–b) are the true model; (c–d) are the inversion model produced by using noise-free synthetic data; (e–f) are the inversion model 

produced by using data with 1% Gaussian noise. The background of (c–f) is the isotropic perturbation of the anisotropic inversion. 
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Fig. 10. Vertical slices in the study region.  
The location of the profiles is shown in the upper right figure. 
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2009; Song et al., 2016). The Wenhuaqiao Fault is a small 
one and it is only 3–4 km long, however, the break-up of 
the  Jinan  Intrusive  Rock  may  be  related  to  the 
Wenhuaqiao Fault, as the Qianfoshan Fault has no clear 
velocity change. 

The formation of the low velocity belt between the two 
high velocity anomalies is quite clear. The fracture zone of 
the fault can be filled by air and water, so the shear wave 
velocity of the fracture zone can obviously be reduced. 
Groundwater in Jinan is abundant, the deeper part of the 
Wenhuaqiao Fault being water conductive (Wang et al., 
2018b).  The  low  velocity  belt  may  come  from 
groundwater activity in the Wenhuaqiao Fault. Qianfoshan 
Fault does not affect the shear wave velocity around it and 
this requires more research to be conducted, regarding the 
structure of this fault. 

 
4.2 Origin of the azimuthal anisotropy 

The azimuthal anisotropy is strongly linked to regional 
evolutionary history. In the study area, there is clearly 
approximately E–W azimuthal anisotropy. Combined with 
local  geological  structural  knowledge,  there  are  two 
possible origins of the azimuthal anisotropy, specifically 
limestone layering and regional stress. 

Unlike the high velocity in the northern region, southern 
Jinan has low velocity. This area is full of limestone, 
which has a lower  shear wave velocity and is often 
layered. When the wave propagates through a layered 
medium, the velocity along the bedding plane is higher 
while the velocity perpendicular to the bedding plane is 
lower. When the layered medium is inclined, the velocity 
along the strike is higher and the velocity along the dip is 
lower  (Grechka et al.,  2001; Wang, 2002). When the 
northern  mountain  region  was  uplifted,  the  limestone 
became  north-dipping.  This  can  lead  to  E-W  fast 
orientation. 

The azimuthal anisotropy is also related to the regional 
stress field.  When  the medium is under  compressive 
stress, cracks perpendicular  to the compressive stress 
will close. The principle compressive stress direction 

will be the fast axis direction. Previous studies about the 
stress  field  around  Jinan  revealed  that  the  principal 
compressive stress was NEE–SWW (Miao et al., 2009; 
Feng et al., 2017), which is also consistent with these 
results. 

The azimuthal anisotropic magnitude in the southern 
region is noted as strong and the fast axis directions of 
the two low velocity blocks are slightly different. The 
fast orientation of the southwest is E–W, while that of 
the southeast is NEE–SWW. Different fast orientations 
may reveal a slightly different dip direction between the 
two limestone blocks. The southwestern limestone block 
is strictly north-dipping, while the southeastern one is 
not. As shown by the fast orientation change in the south, 
the  limestone  layering  may  be  the  main  reason 
underlying  the  azimuthal  anisotropy.  However,  the 
northern  part,  which  is  not  layered,  also has  weak 
anisotropy, so the regional stress may also contribute to 
the azimuthal anisotropy. 

In summary, the azimuthal anisotropy in the study area 
may be affected by both layered limestone and regional 
stress field.  The regional stress has a widespread but 
weaker effect. The layered limestone is the main reason 
for the southern strong anisotropy. 

 
4.3  Groundwater  migration  and  the  formation  of 
geothermal water 

The distribution of water is an important question in 
Jinan. The hydrochemical study revealed the connection of 
the  northern  geothermal  water  and the  southern  cold 
water. In the results from the tomography, the low velocity 
layer beneath the intrusive rock might represent the water 
migration tunnel. 

The depth resolution of ambient noise tomography is 
limited, due to the smooth surface wave sensitivity kernel, 
so model recovery test was performed to check if a low 
velocity layer could be resolved (Fig. 11). The background 
model is the 1-D model inverted from average dispersion. 
The two high velocity anomalies were added to simulate 
the distribution of the intrusive rock. The initial model is 

Fig. 11. Model recovery test.  
(a–b) are the setting of the true model at depths of 0.55 km and 1.8 km; (c–d) are the recovered model at depths of 0.55 km and 1.8 km; (e) 

the setting of the true model beneath profile 1 (the location is marked in (a)); (f) the recovered model beneath Profile 1. 
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the simple 1-D model. With 1% Gaussian noise, the high 
velocity anomalies and the low velocity layer are clearly 
recovered. The low velocity layer in the results is therefore 
relatively reliable. 

The formation of the northern geothermal water  is 
through a deep loop, so the maximum depth of the deep 
loop is very important. According to the local geothermal 
gradient,  the  maximum  depth  of  the  deep  loop  was 
estimated to be about 2 km (Zhao et al., 2009), which is 
consistent with the results in this study. The depth of the 
deep loop varies in different regions, being capable of 
reaching 2 km beneath the east Jinan Intrusive Rock, but 
the water migration tunnel only lies at about 0.6 km depth 
beneath the west Jinan Intrusive Rock. 

Blocked by the Jinan Intrusive Rock, the precipitation 
in the south goes down to a deeper area. It is assumed 
that there is a weakened root beneath the Jinan Intrusive 
rock, as supported by two points. (1) The intrusive rock 
is basic, so it is relatively easily eroded. Furthermore, 
given that the water is heated, the erosion process may 
well be accelerated. (2) The variation of ions from south 
to north also supports the breakdown of basic rocks 
(Cheng, 2018; Cheng et al., 2019). The increase of Cl− in 
the water from the south to the north can be explained by 
the erosion  of rocks such  as hornblende (Sui  et  al., 
2017). Overall, the weakening of the root is more or less 
clear, although the degree to which it is weakened is 
difficult to determine. More quantitative work needs to 
be done to investigate the interaction of heated water and 
intrusive rocks. 

 
4.4 Water migration model beneath Jinan 

In conclusion, the shear wave velocity model produced 
reveals the following characteristics about Jinan: (1) the 
north-dipping limestone layering is revealed by the nearly 
E–W fast orientation; (2) the intrusive rock is indicated by 
the  high  velocity  anomalies  in  the  north;  (3)  the 
groundwater  migration  tunnel  is  shown  by  the  low 
velocity layer beneath the Jinan Intrusive Rock. With this 
model, the geological structure is better understood. A 
more delicate groundwater migration model was built in 
Jinan (Fig. 10B–B’; Fig. 12). 

The precipitation in the southern mountain region flows 
to Jinan as a result of the topography. In the shallow part, 
the water supplies the spring in Jinan. In the deeper part, 
the water is blocked by the Jinan Intrusive Rock and can 
only seep down to the deeper part. The karst caves and 
north-dipping limestone layering can help the start of the 
deep loop. 

The water at greater depths is heated by the geothermal 
gradient. The root of the intrusive rocks is eroded and 
weakened by hot water. After the weakening of the root, 
the hot water can migrate to the north easily. Finally, the 
cap rocks in the northern part are heat-insulated (Shi et al., 
2005), so the geothermal water can be preserved in this 
region. 

 
5 Conclusions 
 

Isotropic and anisotropic shear wave velocity models 
were obtained for the Jinan urban region from ambient 
noise tomography. In the north, the intrusive rocks were 
indicated  by  the  high  velocity  anomaly.  The  Jinan 
Intrusive Rock is broken by the Wenhuaqiao Fault. In the 
south there is widespread limestone, which has a lower 
shear wave velocity. 

The azimuthal anisotropy in this region is pronounced. 
The fast orientation is in an approximately E–W direction. 
The azimuthal anisotropy is mainly caused by the north-
dipping limestone, so that the anisotropic magnitude is 
higher in the southern and lower in the northern intrusive 
rock region. Regional stress may also contribute to the 
anisotropic structure, but only to a minor degree. 

The formation of geothermal water in this region is 
caused  by  the  unique  geological  setting.  The  high 
mountains in the south, the north-dipping limestone and 
the  block  of  the  Jinan  Intrusive  Rock  help  the 
precipitation to seep down to deeper parts. The water 
may erode the root of intrusive rock so that the water can 
migrate  to the  north.  The details  of  the  interaction 
between the water and the intrusive rocks is unclear and 
requires more research. 

Ambient  noise  tomography  shows  the  shallow 
structures of Jinan. This shear wave velocity model can 

Fig. 12. (a) The precipitation seeps down to a deeper area; (b) the root of the Jinan Intrusive Rock is weakened by the heated 

water, the geothermal water can easily be transported to the northern part. 
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not  only  be  the  foundation  of  earthquake  disaster 
assessment, but also the basis on which to do more refined 
work in this region. Exploring the shallow structure of the 
urban region using ambient  noise tomography can  be 
widely used in other cities for more reasonable utilization 
of urban underground space. 
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