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Abstract

:

Tamusu area in Inner Mongolia is one of the favorable site candidates for high level radioactive waste (HLW) repository, which requires a stable regional tectonic environment. Field investigation, mossbauer spectroscopy, major elements, carbon and oxygen isotope and quartz micro morphology of fault gouge and host rock of three faults in the site candidate were conducted. The results show that the F2 and F7 faults on the north and south sides of the site candidate are in a relatively stable state with good sealing and weak activity. Part of the F4 fault is located in the site candidate, and the deportment of a small amount of pyrite in the fault zone and the difference of carbon and oxygen isotopes indicate that it may have experienced material exchange with the deep zone. Attention should be paid to induced earthquake risk.
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1. Introduction


With the rapid development of China’s nuclear energy industry, how to safely and effectively dispose HLW will become an urgent issue. After years of practice and research, the safest and most effective method of disposal for HLW is deep geological disposal, which has been widely recognized by various countries in the world and many international organizations such as the International Atomic Energy Agency (IAEA). The site selection of the repository is particularly important for the disposal of HLW, and social factors and natural factors need to be considered. Among them, the stability of regional structure is a very important aspect of natural factors.



Igneous crystalline and volcanic rocks, argillaceous clay rocks and salts are usually chosen as host rock for deep geological disposal [1]. Compared with granite, clay rock has the characteristics of low permeability, strong ability to block the migration of radionuclides and good self-sealing [2,3]. The site candidate of Tamusu in Inner Mongolia can meet the requirements of geological conditions, environmental protection, land use, social impact and waste transportation for HLW disposal, and can be used as one of the favorable site candidate for HLW repository. However, the faults developed in this area may have potential risk to repository.



Multi-stage fault activity or fault activity under strong stress may cause material fragmentation or even mud pulverization in the fault zone, so, the study of fault activity is an important aspect of safety evaluation for deep geological disposal of HLW. Fault gouge is usually a direct product of fluid-rock interaction and fault activity [4]. Studies have shown that the distribution of iron species in fault gouge can indicate the oxidation–reduction environment of the fault zone [5]. The characteristics of major elements in fault gouge would suggest the degree of fluid-rock interaction in fault zone and reflect the intensity of fault activity [6,7,8]. The isotope distribution characteristics in the fault gouge can indicate the fluid source of the fluid-rock interaction in the fault zone [9]. The micro morphology of quartz grains in fault gouge can also give information on active age and movement mode of faults [10]. Therefore, fault gouge contains a variety of important information of fault activity [11,12], which is of great significance for understanding the stability of regional geological bodies. Herein, the multi technologies have been applied to the Tamusu candidate to study the fault activities.




2. Geological Setting


2.1. Tectonic Setting


Bayingebi basin, which resulted from Paleozoic plate continent-continent collision, namely the result of convergence of Tarim plate, Kazakhstan plate, Siberian plate and North China plate. Precisely, Bayingebi basin is a Meso Cenozoic sedimentary basin controlled by Altun strike-slip fault [13,14]. After experiencing the Paleozoic continent-continent collision and Mesozoic strike-slip pull-off evolution process, the basin as a whole is distributed in a near EW direction. The basin is divided into northern depression and southern depression by Zongnaishan-Shalazhashan uplift. The northern depression includes three sub-depressions: Chagandelesu depression, Suhongtu depression and Guaizihu depression; the southern depression includes Yingen depression and Yingejing depression.



The Tamusu site candidate is located in the Yingejing depression of the Bayingebi basin. Geomorphicly, the Yingejing depression shows NE extension with stable sedimentation, small phase change and large thickness. The faults in this depression are mainly NE, near EW or NW (Figure 1), and the fold structures are not developed [15].




2.2. Tectonic Characteristics


The Tamusu site candidate is located between the western segment of Zongnaishan–Shalazhashan uplift and Badanjilin fault zone on the northern margin of Alxa block, where many faults develop (Figure 1).



Tamusu fault (F2) is located in the northern Tamusu, close to the basin-control fault (F1). It is a large concealed fault located in the piedmont sloping plain, with a length of about 40 km, strike of NE 70 degrees, and dip to Southeast with angle of 70~80 degrees (Figure 1). The Middle Jurassic strata in the western segment of the Tamusu fault (F2) thrusts over the lower Cretaceous Bayingebi Formation. Outcrop with drag trace in the lower Bayingebi Formation indicates weak left lateral torsion. Tamusu fault (F2) is a compressive fault.



Wulantiebuke fault (F4) is a concealed fault with length about 65 km, and the western segment of the fault is NE trending. From Wulantiebuke to Wulan Tolgoi, it gradually turns to about 90 degrees to the east. Most sections of the fault are covered by Quaternary strata, and only lower Cretaceous strata is limited exposed. This fault leads to upper and lower the lower Cretaceous Bayingebi Formation contact via fault locally. Wulantiebuke fault (F4) mostly developed in the lower Bayingebi Formation with rock fracture zone, along which most rocks are carbonated. The macroscopic geomorphological features of the fault suggest that it is a compressive fault.



The Narenhala fault (F7) is located in the area of Hulesitolgoihudug-Narenhalashan-Tabutolgoi, with a total length of more than 250 km and strike of nearly 75 degrees NE. The fault divides the Yingejing depression into two parts, and is mostly covered by the Upper Cretaceous red beds and the Quaternary strata. The whole fault is a large arc-shaped concealed fault protruding to the south, and the modern landform is beaded saline-alkali land.





3. Sample Collection and Analysis


The Tamusu site candidate is located between F2 and F7 faults, and part of the F4 fault is located in the site. The activity of fault highly affects the regional geological stability of the site candidate.



3.1. Sample Collection


9 samples were collected from the three faults, including 4 host rock and 5 gouge samples. Detailed information is as following.



3.1.1. Samples from Tamusu Fault (F2)


There is no fresh outcrop in the middle and east sections of the Tamusu fault, but exposures in the west section. From the outcrop of the fault, the Longfengshan Formation of Jurassic is thrust over the upper member of Bayingebi Formation of Lower Cretaceous, the lithology is dominated by medium—coarse sandstone, and the color is yellowish-brown (Figure 2a,b). Gneissic granodiorite is outcroped locally on both sides of the fault cut by granite veins. The host rocks are relatively fragmented, and the joints are well developed. The sampled location mainly composed of yellowish fault gouge with small amount of breccia, and no structural lens or folded rocks is observed. The outcrop of fault gouge varies from 30 to 50 cm, and the clay content is uneven.




3.1.2. Samples from Wulantiebuke Fault (F4)


There is no outcrop on the surface, and the sample is collected from the core at the depth of 81 m. The core shows that the fault gouge is gray-black (Figure 2f) and contains small amount of breccia, and there is no ductile deformation. Cleavage is developed in the host rock near the fault gouge, and striation can be seen at the contact part between the fault gouge and the host rock (Figure 2g).




3.1.3. Samples from Narenhala Fault (F7)


The fault developed grayish-white to grayish-black fault gouge (Figure 2c,d) with thickness of about 50 cm small amount of breccia, and no structural lens and folds. In Figure 2e, two secondary faults intersect each other and are exposed near the surface. The clay content of fault gouge in different parts is quite varied. Calcite vein with thickness of about 10 cm is developed in fault gouge. The host rocks on both sides of the fault are seriously fractured, the joints are extremely developed. Moreover, 5 cm-thickness fault gouge with breccia is occasionally developed.



The samples of fault gouge and host rock were collected at the fault center of F2 and F7 faults, and about 20 cm of weathered rock and soil on the surface were removed before sampling. For F4, fault gouge and host rock samples were collected from the core in the depth of 81 m. The sampling locations are shown in Table S1. Fresh fault gouge samples were collected, packed in sealed plastic bags and transported back to the laboratory for analysis and treatment as soon as possible.





3.2. Analysis Method


3.2.1. Quartz Micro Morphology


The observation of the micro morphology of quartz was completed in the field emission scanning electron microscope (Nova nanosem 450) of the State Key Laboratory of nuclear resources and environment, East China University of Technology (Nanchang, China). This microscope is equipped with the X-Max50X energy dispersive spectrometer (EDS) produced by Oxford Instruments Company (Oxford, UK). Before observation and statistics, the pure quartz grains was adhered to the conductive tape and placed on the thin section. The quartz grains was dispersed and arranged, and then the gold conductive film was sprayed. The adhesive tape with quartz grains was placed in the sample cabin of scanning electron microscope, and then used different magnification to observe the micro morphology characteristics of quartz, and photos were taken for micro morphology statistics. During the observation process, the suspected grains were confirmed by energy spectra (Si-K characteristic single peak) to ensure that the statistical grains was quartz grains.




3.2.2. Major Elements Analysis


The major elements were analyzed in ALS laboratory group (ALS Minerals–ALS Chemex) in Guangzhou, China. The analytical instrument was the Axios Max X-ray fluorescence spectrometer (XRF) produced by PANalytical company in Almelo, the Netherlands. Samples were dried and mixed with appropriate amount of lithium metaborate reagent in a porcelain crucible. The evenly mixed samples were melted in a high temperature melting furnace and made into glass melting pieces.




3.2.3. Carbon and Oxygen Isotope Analysis


The carbon and oxygen isotope analyzed were also conducted in ALS laboratory group (ALS Minerals–ALS Chemex) in Guangzhou. Samples were crushed and sieved, and then, ground with a mortar to a pore size of 0.071 m (200 mesh) or less. Add concentrated phosphoric acid to the sample. Calcite in the sample reacts with concentrated phosphoric acid, and CO2 is released after reaction at 72 °C for 4 h. Gas Bench and Delta Plus XP isotope mass spectrometer (CF-IRMS) are used to determine the values of δ13C (RSD < 0.03%, V-PDB standardization) and δ18O (RSD < 0.05%, V-SMOW standardization).




3.2.4. Mossbauer Spectroscopy Analysis


The Mossbauer spectroscopy analysis was carried out in the Mossbauer spectrum laboratory of School of Physics and Technology, Wuhan University, Wuhan, China. The analytical instrument was Bench ms-500 produced by Wissel company, Starnberg, Germany. The radiation source was 57Co and the intensity was 25 mci. Calculation result show that best mass of the sample to be analyzed was 150~250 mg in order to obtain a high-quality Mossbauer spectroscopy [16]. The samples were analyzed at low temperature (about 77 K) and room temperature (about 293 K), respectively. The Mossbauer data were analyzed by WinNoroms-for-Igor software.






4. Analysis Results


4.1. Micro Characteristics of Quartz Grains in Fault Gouge


Due to the low content of quartz in fault gouge of F4 fault, it seems quite difficult to collect enough quartz grains for statistics. The micro characteristics of quartz grains are in fault gouge of F2 and F7. According to the previous research results [10,17,18], the quartz micro morphology of the two faults is divided into type Ru, type Ia, type Ib, type Ic, type II, III and type IV in this study.



Most of the quartz grains in TMS01 are sub angular, and a small amount of quartz grains are irregular with obvious denudation pits on the surface. In addition to the weak-medium denudation micro morphology, a large number of subconchoidal and squamous-like micro morphology is developed. The quartz grains in TMS04 are mostly angular, with obvious denudation. Compared with TMS01, the number of orange peel and mossy-like micro morphology increased significantly. The shape characteristics of TMS06 shows large amount of mossy and squamous-like micro morphology. The quartz grains in TMS07 mainly show weak denudation with subconchoidal and linear scratch, indicating a secondary deformation (Figure 3).




4.2. Characteristics of Major Elements in Fault Gouge and Host Rock


On the whole, major element contents in fault gouge and host rock of the same fault are similar, but different sampling points of the same fault are obviously different (Table S2). In F2 fault, TFe2O3 and MgO are enriched in fault gouge, and BaO, MnO and SO3 are relatively low. The characteristics of major elements in three locations of F7 fault are different. The contents of TFe2O3 and Na2O in fault gouge of the same sampling location are lower than those in host rock, and K2O is relatively enriched. The different in alumina, silica and total iron content may result from heterogeneity of the geological bodies. In F4 fault, SiO2, Na2O and K2O in gouge samples are relatively low, while TFe2O3 and SO3 are higher. Compared with other samples, the loss-on-ignition of F4 fault samples is higher.




4.3. Carbon and Oxygen Isotope Characteristics of Fault Gouge and Host Rock


The δ13C and δ18O compositions of different fault samples are different (Table S3). The δ13C value of the F2 and F7 fault host rock whose lithology is mainly medium–coarse sandstone is −7.9‰~−4.1‰, and the δ18O value is 11.1‰~18.2‰. The δ13C value of the F4 fault host rock whose lithology is mainly clay rock is 3.7‰, and the value of δ18O is 28.6‰. The δ13C and δ18O of three fault gouge samples of F7 fault are −3.3‰~−5.9‰ and 9.0‰~14.9‰, respectively, the δ13C and δ18O of two host rock samples are −4.1‰~−6.1‰ and 11.1‰~13.7‰, respectively. During the experiment, the carbon and oxygen isotope of TMS01 could not be analyzed because of the low carbonate content.




4.4. Mossbauer Spectroscopy Characteristics of Fault Gouge and Host Rock


Samples were analyzed at room temperature (about 293 K) and low temperature (77 K), respectively (Table S4). Because less Mossbauer nuclei in the sample will lead to the weaker intensity, and it is difficult to obtain accurate Mossbauer parameters [16]; lower the analyzed temperature can enhance the Mossbauer effect [19]. Therefore, in order to obtain high quality Mossbauer spectra, TMS01 and TMS02 samples were selected and analyzed at low temperature (77 K).



Distribution characteristics of iron species in fault gouge and host rock samples of three faults can be obtained (Figure S1 and Figure 4). F2 fault gouge show two doublets at room temperature, indicating that there are two kinds of iron species, and it is paramagnetic iron. The addition of two sextets at low temperature indicates existence of the super fine magnetic grain. The spectra distributions are similar between host rock and the gouge, suggesting they are homologous. Compared with the host rock, F4 fault gouge has a doublets (para-Fe3+), indicating that the iron species of fault gouge and surrounding rock is different. F7 fault gouge and host rock only contain three doublets, and the peak shape is similar, indicating that the iron species of both is consistent and relatively stable.





5. Discussion


5.1. Micro Characteristics of Quartz Grains


Fresh surface of quartz grains will appear typical conchoidal fracture, crack and other stress trace micro morphology, namely Ru. When the fault stopped activity, the surface of quartz grains in fault gouge was denudation, and with the increase of dissolution time, it showed subconchoidal to coral-like structure [20]. Kanaori classified the denudation morphology of quartz grains into four types according to the observation results on SEM: type I, type II, type III and type IV, and studied the chronology of quartz grains with these four denudation morphology characteristics [10]. Type I micro morphology can be further subdivided into Ia, Ib and Ic [18]. Classification of micro topography and the relative age of its formation are illustrated (Table S5).



From the micro morphology characteristics of different types of quartz, with the strengthening of denudation, the micro morphology of quartz denudation has obvious progressive changes. For example, the sharp edges and ridges of quartz grains gradually disappear, the flat and smooth surface become more and more rough and uneven, and the size and depth of the denudation hole increase and deepen. Statistically, the distribution characteristics of different types of micro morphology of quartz grains in fault gouge of F2 and F7 are obtained (Figure 5). By comparing the SEM characteristics of quartz grains in fault gouge with Table S5, the relative formation age of surface micro characteristics of quartz grains can be inferred (Table S6).



The quartz micro morphology in TMS01 samples collected from F2 fault is mainly of type Ia, type II and III, indicating that the activity age of F2 is mainly in late Pleistocene, early Pleistocene and Pliocene. Besides, in the overall change of quartz micro morphology frequency from F2, it first increases, then decreases, then increases and then decreases, the two peaks of quartz micro morphology frequency are type Ia and type II. It suggests that the F2 fault may have two stages of activity, probably in the early Pleistocene and late Pleistocene. The type II micro morphology accounts for the highest proportion, which indicates that the activity intensity of the fault in the early Pleistocene is greater than that in the late Pleistocene.



The quartz micro morphology in TMS04 collected from F7 is mainly of type Ia, type Ic, type II and type III, indicating that the fault is active in late Pleistocene, early Pleistocene and Pliocene; To the TMS06, it is mainly of type Ia and type III, indicating that the fault is active in late Pleistocene and Pliocene; and the TMS07 is mainly of type Ia, type Ib, type Ic and type II with an active ages probably late Pleistocene, middle Pleistocene and early Pleistocene. The quartz micro morphology of fault gouge samples from different sampling locations of F7 indicates pulsing activity. On the whole, the main active periods are late Pleistocene, early Pleistocene and Pliocene, which suggests that the fault activity had continuance and began from Pliocene. From the overall distribution of quartz micro morphology of the three samples from F7, the proportion of type Ia is the highest, which indicates that the activity intensity of late Pleistocene is higher than others. The type of Ru in all samples is almost zero in F2 and F7, which indicates that the two faults are basically inactive since Holocene.




5.2. Major Elements


The migration of fluid and its participation in fluid-rock interaction will inevitably change the chemical composition of fault zone. The active elements would be carried away by the fluid, while the relatively stable elements remain in the fault zone [21,22,23]. Previous study results show that there is a good consistency between the variation of elements and minerals in the fault zone of different protoliths, and the elements related to feldspar are mainly lost in the fault zone of hosting clastic sedimentary rock and crystalline rock series [24,25]. The study of core in Nojima fault zone shows that SiO2, K2O, Na2O, Rb and Pb in the fault zone are greatly depleted, and some high field strength elements are enriched [26,27]. Study of several fault sections on the surface of Andreas fault zone also shows that the elements lost mainly include Na2O, Al2O3, SiO2 and K2O related to feldspar [21,28]. TiO2, P2O5 and MnO are generally considered as stable elements [29]. Therefore, the degree of fluid-rock interaction in the fault zone can be indicated by the enrichment of stable elements and the depletion of active elements, and the degree of fluid-rock interaction in the fault zone is closely related to the intensity of fault activity [6,7,8].



In F2, TFe2O3 and MgO are relatively enriched, while the enrichment and depletion of other elements are not obvious, indicating that the degree of fluid-rock interaction in the fault zone is low and the intensity of fault activity is weak. The enrichment of TFe2O3 and MgO may be related to the introduction of Fe and Mg in the meteoric fluid, which indicates that the F2 fault is characterized by shallow activity.



In F4, TFe2O3, SO3, CaO, BaO and SrO are relatively enriched, while SiO2, K2O and Na2O are relatively low. The enrichment of SO3 and CaO may be related to pyrite and carbonate minerals involved in fault activity. The weak depletion of SiO2, K2O and Na2O indicates the weak fluid-rock interaction in the fault zone.



The element contents from different sampling locations of F7 have obvious differences. In the TMS04, TFe2O3, MgO and Na2O are depleted, while SiO2 and K2O are enriched, which indicates that the fluid-rock interaction in fault zone is strong. All the elements in TMS07 show no obvious depletion and enrichment, which indicates that the fluid-rock interaction in the fault zone is weak, and the intensity of fault activity is low. In addition, the contents of major elements in fault gouges of TMS04, TMS06 and TMS07 are also quite different. The difference of element distribution in different sampling sites of F7 fault shows the pulsing activity of fault, and the intensity of fault activity is also different.




5.3. Carbon and Oxygen Isotope Characteristics and Their Implications


The isotope composition of fault rocks will also change due to the process of fluid leaching and fluid-rock interaction during the fault activity. Stable isotope (δ13C, δ18O) geochemistry can provide basic information of fluid source and water rock interaction [30,31,32]. There are three main sources of carbon in carbonate minerals in normal fault gouge: (1) marine carbonate with average value of δ13CPDB about 0‰ [33,34]; (2) the δ13CPDB of organic carbon in rocks ranges from −30‰~−15‰, with an average of −22‰ [30,33]; (3) deep source carbon that includes magma and mantle-derived gas with δ13CPDB range of −9‰~−3‰ and −5‰~−2‰ [35]. The carbon and oxygen isotope of many active fault zones have been studied by predecessors. δ18O values of carbonate minerals in the San Andreas fault from 15‰~25‰, and the δ13C values range from −7‰~5‰. The variation values generally show a decreasing trend from the host rock to the fault zone, indicating that the fluid interaction to the fault core is gradually enhanced [31]. The analysis of carbonate matrix, vein and breccia samples in Wenchuan fault zone shows that the δ18O values of matrix and vein are 19‰~21‰, and breccia is 19.6‰~28‰. The δ13C values of veins are −8‰~−4.5‰ and breccia are −3.7‰~−1.6 ‰. The large breccia grains have similar isotope compositions to the host rocks, indicating that they have less interaction with the fluid, while the matrix and vein were more interactive with the fluid and have more depleted isotope compositions [36]. The analysis of the vein samples from Tiantaichang and Daershan fault zone in Jiaoshiba anticline shows that the δ18O values of the veins are 17.2‰~26.8‰ and the δ13C values are between −4.7‰~4.5‰. Combined with the strontium isotope values of the samples, show that they are affected by the deep thermal fluid, and the vertical sealing of the fault is poor [23].



The δ13CPDB-δ18OSMOW diagram shows a nearly horizontal distribution of carbon and oxygen isotope of the three fracture samples (Figure 6). This isotopic distribution may be caused for two reasons: (1) CO2 degassing; (2) fluid-rock interaction between fluid and host rock [37,38]. In the inactive fault with good sealing property, the fluid from the host rock has enough time to exchange carbon and oxygen isotope with the host rock to reach the balance, which makes the ∆δ13C and ∆δ18O between the fault gouge and the host rock closer. According to Table S4 and Figure 6, it can be inferred that:



The δ13C and δ18O values of fault gouge in F4 fault are −0.2‰ and 22.1‰ respectively, in host rock are 3.7‰ and 28.6‰. The δ18O of fault gouge is lower than host rock due to the influence of atmospheric precipitation in the fault zone, indicating the fault barely has a link to deep fluid [39]. The CaO of the two samples are 12% and 19%, respectively. Combined with the isotope characteristics of the samples, it indicates that the carbonates in the strata are not primary and may be related to the underlying Paleozoic marine sedimentary rocks [33].



The δ13C values of TMS04, TMS05 and TMS06 at the same sampling point of F7 fault are −3.3‰, −4.1‰ and −4.8‰, respectively. The difference is not significant among the three samples, and the δ18O values are similar, but the δ18O value of host rock is slightly higher, indicating that the fluid in the fault zone mainly comes from the host rock. The isotope characteristics of gouge and host rock may be influenced by low temperature hydrothermal. It is speculated that the deep hydrothermal migrated along the fault to the shallow location and mixed with meteoric water. All the samples show the characteristics of carbon and oxygen isotope balance, indicates that the fault is well sealed and the activity is low. In addition, the difference of fluid properties in different sampling locations may be related to the multi-stage activity of faults.



The carbonate in fault gouge TMS01 of F2 fault is too low to detect its carbon and oxygen isotope composition, making it impossible to determine the source of fluid involved in fault activity. CaO is highly active and varies greatly in the fault zone [30,40]. The content of CaO is low in the analyzed samples. It should be noted that meteoric water may dissolve, and took away most of the carbonate in fault gouge, indicating that the fault has connectivity with the shallow, but poor connectivity with deep part.




5.4. Fe Species


Iron is a redox sensitive element. In the deep part of an active fault, there are often reducing fluids migrating up the fault, which leads to the reduction of iron in the shallow fault gouge. The Ushikubi fault zone in central Japan illustrated ferric oxide and reduced iron in the old and new faults, respectively, indicating these redox shifts probably relate to the material exchange between the fault gouge and the external or deep [42]. Ma Xiangxian studied the iron species of fresh fault gouge in Wenchuan fault zone which had an 8.0 earthquake magnitude in 2008 and found that the fault gouge is mainly enriched with reduced Fe, it is resulted from exchange with deep reducing materials and suggest it a typical active fault [43].



The faults in and around the Tamusu site candidate is compressive-torsional faults, that make these faults formed a relative closed system [44]. Mossbauer spectroscopy results show that only oxidized iron is detected in fault gouge and host rock of F2 fault, of which para-Fe3+ comes from clay mineral with relative content of 46%, and mag-Fe3+ probably be iron in maghemite with relative content of 54%. It indicates that the environment of F2 is strong oxidized environment. The iron content in fault gouge (2.47 wt%) is much higher than that in host rock (0.52 wt%). The solubility of Fe is very low, especially Fe3+ can hardly be transported. The enrichment of oxidizing iron in fault zone can only be carried to the fault zone by easily soluble Fe2+ to be oxidized and then precipitated [45], which makes the environmental condition of fault zone change from reduction to oxidation condition. Comprehensively, the sealing of F2 fault is very good with very poor connectivity to the deep.



The iron species in the host rock of F4 are all ferrous iron, whereas the fault gouge contain small amount of oxidized iron which is contributed by clay minerals. The clay content reaches 52% in the fault gouge [46]. Distribution characteristics of iron species show that the fault zone gradually tends to open due to the attenuation of compressive stress during the evolution of the fault, and the environment where the fault is located begins to transition from reducing environment to oxidizing environment. Fault gouge continuously fills in the fissure of the fault zone, and the fault zone gradually tends to be closed, reducing the connectivity with the outside world, and only a small amount of reductive iron is oxidized.



The F7 fault samples show that the content of oxidized and reduced iron in fault gouge and host rock is almost the same. Both para-Fe3+ and para-Fe2+ are contributed by clay minerals. X-ray powder diffraction results shows that the content of clay minerals is 38–87% [46]. The samples were collected from an artificial blasting outcrop. The distribution characteristics of iron species show that the exchange between the fault zone and the deep reducing fluid is weak, and the increase of the proportion of oxidized iron needs a long time of material exchange with the outside world. F7 fault is a large concealed fault, which is overlaid by the upper Cretaceous and Quaternary strata, and the precipitation and aggregation of new minerals in the fault zone will reduce the connectivity with the deep underground, making the fault zone in a relatively “closed” state [47,48]. Combined with major elements feature and iron species, a conceptual diagram has been proposed (Figure 7).





6. Conclusions


Three faults in the site candidate were studied, and the result show that the faults illustrated weak connection with the deep, indicating they are stable, and it is a favorable area to be a site candidate for the geological repository of HLW. However, individual fault has features that should be noted.



(1) F2 fault is characterized by the enrichment of oxidized iron, and the content of CaO in the fault gouge with strong activity is low, indicating that the fault activity may be weak, with poor connectivity with the deep. Except for Fe and Mg, the enrichment and depletion of other major elements are not obvious, indicating that the degree of fluid-rock interaction is low. Due to the low carbonate content of fault gouge sample TMS01, it is impossible to determine the source of fluid involved in fluid-rock interaction by carbon and oxygen isotopes. Micro features of quartz grains show that F2 fault may have two periods of activity, mainly in the early Pleistocene and late Pleistocene.



(2) The iron species in the fault gouge of F4 fault show that the pyr-Fe2+ in the fault zone is relative high, indicating a weak reduction environment, which is consistent with weak depletion of Si, K, Na and enrichment of S, Fe and Ca. The carbon and oxygen isotopic compositions of wall rock and fault gouge are different, indicating that the fault has experienced fluid-rock reaction. The δ18O of the host rock is slightly higher, which may be due to the influence of meteoric water. Attention should be paid to induced earthquake risk.



(3) F7 fault is a concealed fault with weak connectivity to the surface in the site candidate area. The fault illustrated multi-stage activities by micro features of quartz grains and carbon and oxygen isotopic compositions, its activity is weak since Holocene.



Comprehensively, part of the F4 fault is located in the site candidate, and the occurrence of a small amount of pyrite in the fault zone and the difference of carbon and oxygen isotopes indicate that it may experience material exchange with the deep zone. Moreover, the content of clay minerals in the F4 and F7 faults is high. Therefore, attention should be paid to the activity of the F4 fault and the possibility of the two faults to induce earthquakes.
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Figure 1. Deformation system of the Tibetan plateau type in west China and tectonic system map of Tamusu area. (a) shows the deformation system of Qinghai-Tibet Plateau in Western China, in which the red square shows the location of Tamusu study area; (b) is a near East-West holes-seismic profile in the candidate in (c); (c) shows the geological map of Tamusu study area. 
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Figure 2. Field outcrops and sampling sites of faults. (a) western outcrop of F2 fault; (b) F2 fault sampling location; (c) F7 fault outcrop one sampling location one; (d) F7 fault outcrop one sampling location two; (e) F7 fault outcrop two sampling location; (f) F4 fault samples in drilling core; (g) contact surface between fault gouge and host rock of F4 fault. 
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Figure 3. Typical quartz morphology in fault gouge from SEM. (a,b) angular grain, the surface is conchoidal fracture and straight crack (Ru type, TMS01); (c) subangular grain, the surface is subconchoidal fracture, local orange peel-like (Ia type, TMS04); (d) subangular grain, the surface is orange peel-like (Ib type, TMS07); (e) subangular grain, the surface is squamous-like (Ic type, TMS01); (f) subangular grain, the surface is mossy-like (II type, TMS01); (g) spheroid grain, the surface is worm hole-like (III type, TMS06); (h) globular grain, the surface is pothole and coral-like (IV type, TMS04). 
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Figure 4. Relative content of iron species in fault gouge and host rock in the Tamusu area. 
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Figure 5. Classification and frequency of micro morphology of quartz grains in fault gouge. 
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Figure 6. Carbon and oxygen isotopic characteristics of fault gouge and host rock in the Tamusu area [41]. 
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Figure 7. Conceptual diagram showing the features of the three study faults. 
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