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Abstract. Small-angle neutron scattering (SANS) and ultrasmall-angle neutron scattering (USANS) are special and powerful tools to study micro-, meso- and macro-pores from 1nm to 10m in size in disordered systems. The first SANS study of shale samples was dated back to early 1980s. The interest was renewed around 2011 and the number of studies which applied SANS/USANS spectrum to shale has increased rapidly during past few years. Neutron scattering measurements are often integrated with fluid-invasion methods to provide a comprehensive understanding of the pore space in shale. Several key developments in data analysis were noted. In this mini review, technical aspects of sample preparation and data analysis were discussed. This paper offers a quick guide to those who are new to this field. 














1. INTRODUCTION
[bookmark: _Hlk61529171]The importance of pore structure in shale is well understood in shale gas and oil exploration and production.1, 2 The pore structure in shale includes porosity and specific surface area, pore size distribution, pore shape, pore accessibility and pore anisotropy. It has been frequently studied by fluid invasion methods (gas adsorption/desorption, mercury injection capillary pressure), imaging techniques (focused ion beam polishing coupled with scanning electron microscopy, transmission electron microscopy and helium ion microscopy) and NMR cryoporometry, etc.1, 3 Figure 1 introduces common techniques for determination of  porosity, pore size distribution and their respective pore size ranges. As shown in Figure 1, SANS and USANS cover a wide size range from 1nm to 10 m. In contrast, nitrogen adsorption has an upper limit of 300 nm. The mercury intrusion porosimetry (MIP) measures the size of pore throats in a range of ~ 3nm to 1m. There exist overlap pore size ranges for which neutron scattering, nitrogen adsorption and MIP can be compared. The fluid invasion methods detect pores accessible to probe molecules. On the other hand, SANS and USANS measure total pore structure in shale since neutrons penetrate shale samples during measurements. The porosity extracted from SANS and USANS is usually not less than that obtained from nitrogen adsorption or MIP given the same size range. Moreover, SANS and USANS may be performed at elevated temperatures and pressures relevant to hydraulic fracturing conditions. The changes in pore structure under pressure can be recorded. Pores in shale are often characterized as limited accessibility and mixed wettability due to the presence of minerals and organic matter. The pore accessibility and wettability to water, methane and oil as a function of pore size may be determined from SANS/USANS alone by using the technique of contrast matching. A two-dimensional SANS pattern with elliptical scattering contours indicates anisotropic structures in shale and their degree of orientation can be determined. 
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Figure 1 Common techniques used to determine porosity and pore size distribution. Reproduced from Ref. 36. Copyright (2015) American Chemical Society.

[bookmark: _Hlk61529458]Application of SANS to investigate the pore structure in shale was reported in literature as early as 1983 by Hall et al.4  Hall et al. derived porosity and pore size distribution from SANS data and compared them with those from MIP and nitrogen adsorption and desorption isotherms. They also applied the concept of surface fractal to analyze the SANS or SAXS data of shale. In mid-nineties, Radlinski et al. continued to work on shale using SANS/USANS.5  A polydisperse spherical pore model (PDSP) was used to analyze the scattering data and a window-based program PRINSAS was developed which allowed data analysis using the PDSP model. 6 Another Igor-based program IRENA was available around 2009 and has been used to analyze the pore size distributions from small-angle scattering data.7 Around 2012, Melnichenko and Radlinski restarted  investigations of pore structure in shale using neutron scattering.8 Melnichenko et al. developed a new high-pressure cell that extended the measurable maximum q value from 0.65 to 1Å-1,   , λ is the wavelength of the x-ray and  is the scattering angle, which is critical to correctly evaluate micropores on the order of several angstroms.9 They also derived an equation to estimate accessibility of pores in shale to gas or fluid such as methane and water.10, 11 Both PRINSAS and IRENA have been used extensively to analyze the pore structure in shale during past eight years. The number of publications in SANS/USANS studies of shale has increased rapidly during past few years. To the best of our knowledge, for example, there are about 9 papers published in 2019 and at least 15 papers published in 2020.  There have been several excellent reviews published by Radlinski, 12 Anovitz and Cole1, 13 This mini review was focused on the technical aspects of SANS measurements and the development of the data analysis. It serves as a short tutorial for those who are new to this field. Proper sample preparation and the effect of multiple scattering were emphasized. A historical account of the SANS data analysis was presented which may help new users to better understand relevant literature studies. Most recent progresses in scientific aspects revealed by using SANS/USANS have been summarized elsewhere in 2020. 14, 15 
2. SAMPLE PREPARATION AND MULTIPLE SCATTERING
Since shale samples scatter neutron strongly, the possibility of multiple scattering was noticed in early studies. 16-18 Multiple scattering means that an incident neutron is scattered more than once before exiting the sample. This will complicate data analysis, for example, invalidate some of the equations used in data analysis. A simple method to check for multiple scattering is to repeat measurements on different thicknesses of samples cut from the same core.16 If the scattering curves show no dependence on thickness, multiple scattering is not an issue. An example of multiple scattering effect is shown in Figure 2.18 A few recent studies which explicitly considered multiple scattering were tabulated in Table 1. The effect of multiple scattering is strongest in the low-q region and its probability scales with sample thickness (t) and neutron wavelength as tλ2. 12, 19 In one study, the shale samples were thinned downed to 0.25 mm and there were still some multiple scattering effects in the USANS region (q<10-4Å-1). 20 There is no general method for correcting data with multiple scattering effect.19 There are several empirical approaches, such as the MUX routine.20 One should keep this effect in mind and try to use samples as thin as possible. 
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Figure 2. Thickness dependence of SANS data from a sedimentary rock. The neutron wavelength was 14Å. (A) t=0.63mm; (B) t=1.20mm; (C) t=3.09mm; (D) t=4.23mm and (E) t=7.4mm. Reproduced from Ref. 18. Copyright (1999) American Physical Society.

Table 1 Selective SANS studies which considered the effect of multiple scattering
	Sample name and form
	Thickness
(mm)
	Multiple scattering
	Neutron wavelength
	References

	Barnett shale, wafer
	0.8
	Not observed
	GP-SANS (4.8, 12 Å); NIST USANS (2.38 Å)
	Ruppert, et al. 21

	Marcellus shale, wafer
	　   0.15
	Not observed
	NIST SANS and USANS, 
	　Jin, et al. 22

	Cretaceous Shale, powder
	0.5
(effective)
	Not observed
	GP- SANS and NIST USANS (2.38 Å)
	Bahadur, et al. 23

	Cretaceous shale, Devonian shale, wafer
	       0.3 
	Significant for t>0.6mm; observed at q<10-4Å-1 for t=0.3mm
	NIST SANS and USANS
	King, et al. 24

	Coal mine roof shales from the Illinois basin, powder
	1.6
(nominal)
	Observed at ~0.003 Å-1
	GP-SANS (4.75 and 12 Å)
	Sang, et al. 25

	Marcellus Shale, powder
	      1.0(nominal)
	Observed at ~0.003 Å-1
	KWS-1 and KWS-3
	Bahadur, et al. 26

	Bakken shale, powder 
	0.5 (effective) 
	Observed at q<10-4Å-1 
	NIST SANS (6.0 Å) and USANS (2.4 Å)
	Zhang, et al. 27


GP-SANS stands for general purpose SANS at ORNL. In some studies, the wavelength was not specified. 

Shale samples used for neutron scattering can be prepared in the form of particulates or thin sections. Use of particulates ensures SANS is measured from a representative sample of shale in which structural anisotropy is eliminated.  The particle size of shale particulates, however, needs to be around 0.5 mm to minimize scattering from interparticle voids in both the SAS and USAS domains.19 This can be achieved by filtering particulates through a sieve with a mesh size of 0.56 mm and collecting those which do not pass through a second sieve with a mesh size of 0.50 mm. Another problem is sample thickness which is needed for absolute calibration of SANS data. After particulates are loaded into a sample cell, the inter spacing distance of the cell (nominal thickness) cannot be used to calibrate the data due to interparticle voids. An effective thickness can be calculated as: , where t is thickness of the cell,  is determined by weighting the sample loaded in the cell with the volume of the cell,  is defined as the mass of a skeleton normalized by the sample volume (skeleton volume + intraparticle voids).19 If the porosity is low,  is replaces with  which is measured using helium as displacement gas. Another approximate approach is assuming the particles are spherical and the sample holder is filled with closely packed spheres. The ratio between total volume of spheres and the volume of the sample holder is ~0.52. Therefor, . 19 
3. DATA ANALYSIS 
3.1 A short history of SANS/USANS Data Analysis
In one of the early studies, Hall et al. used comparative SANS and SAXS studies on a range of shale rock differing in mineralogical composition and revealed unique information on shale pore spaces which was not obtainable by other methods.16 In their studies, the discrepancies in porosity and pore size distribution obtained from SANS and MIP and the nitrogen adsorption /desorption isotherms were mainly attributed to the differences in the size range detected by different methods and the hysteresis of nitrogen data.4, 16  Due to different contrast factors sensed by x-ray and neutrons, water- or hydrocarbon-filled small pores with diameters less than 2 nm (micropores) were identified.16 Shale contains mineral phase, organic phase, empty pores or gas filled pores,  hydrocarbon- or water-filled pores. Comparisons of the neutron or x-ray scattering length densities (SLD) of each phase determine the strategy to analyze the data. The SLD is determined by the chemical composition and mass density of each phase.1 The neutron SLDs of mineral phase and organic phase are similar, while the empty pores and filled-pores have very small SLDs close to zero. Therefore, the SANS data of shale was analyzed with a two-phase model, a shale matrix phase and a pore phase.16 However, the two-phase model broke down for the SAXS data since the X-ray SLDs of empty pores and oil- and water-filled pores were quite different.16  
The concept of fractal geometry was applied to characterize surface irregularity in porous materials in the early 1980s. 28 A SAXS study of lignite coals showed that the scattered intensity was proportional to a nonintegral negative power of the scattering vector as .28 The power-law scattering was previously ascribed to independently scattering non-fractal pores with a power-law size distribution, .29 It was found that pore systems with interfaces exhibiting surface fractal geometry described the SAXS data equally well.28  Hall et al. re-analyzed their SANS and SAXS data of shale rock and found that the surface fractal dimeson (Ds) derived from SAXS varied from 2.41 to 2.64, while the values obtained from the SANS data were in the range of 2.65 to 2.89.30, 31 The difference between the Ds values derived from SAXS and SANS data was due to presence of hydrocarbon- or water-filled pores.30, 31  Mildner and Hall introduced a scattering function for fractal surfaces with finite sizes: 30  
 , Eq.1
where  is the upper size limit of the fractal object. 
For , Eq.1 reduces to:
 , ,  Eq.2
In another study, Wong et al. attributed the pore surface fractal behavior of shale to presence of clay on the pore surfaces.32 This was in contrast to the pores in limestones and dolomites, where the pore surfaces were effectively smooth with a = 2.0. 33 
The multiphase character of shale source rock was also discussed by Radlinski et al. in 1996.5 A quasi-two-phase model was adopted to interpret the SANS data. The Ds values of shale samples with different maturity were extracted and a model of source rock structural evolution was presented.5 With the progress in neutron instrumentation, USANS allowed the minimum q value to be extended to Å-1.18 A combined SANS and USANS data of a hydrocarbon source rock revealed a Ds of 2.82 over a pore radius range from ~ 2.5nm to ~4m.18 SANS data of source rocks revealed the invasion of the pore space by bitumen during the primary migration of hydrocarbons.17 A maturity series of artificially pyrolyzed organic-rich sediments and a natural maturity series of source rocks were used in this work.17  Since SANS intensity at a fixed q is proportional to the SLD difference (contrast) between shale matrix and the pore, SANS contrast decreases as the mobile bitumen entered the pore space and replaced water and/or formation gases.17 Using this approach, the onset of migration as a function of pyrolysis temperature or maturity was identified.17 The validity of this approach was further tested in a later study.34 As stated earlier, a fractal surface can be considered as equivalent to a polydisperse system of pores with arbitrary shapes. In this study, a relation between the scattering vector q and an average pore radius was proposed for polydisperse pore system with a power-law size distribution: . 17 The scattering intensity at a q comes from the pores confined in the size range 2.5/q  50%. In other words, pores with a radius of 2.5/q contributed most to the scattering intensity at this q.17 
SANS data from a sample of natural sandstone was analyzed via two approaches, one was to fit the data with Eq. 1 or 2 to extract the Ds, the other one was to analyze the data with a polydisperse spherical pore model (PDSP) to obtain porosity, specific surface area and a size distribution of the pores.6 The scattering intensity per unit volume for polydisperse sphere of radius R is given as:35  
      Eq.3
Where  and  represent the SLD of pore and rock matrix,  is the average pore volume, is the volume fraction of the pores and f(r) is the probability density of the pore size distribution. The pore size distribution is defined as the number of pores within an interval between  and  normalized by the total number of pores.   is the form factor of a sphere. To fit the SANS data, the scattering intensity is expressed as a histogram: 35
           Eq. 4
Where  is the contribution to I(q) of the ith histogram cell which has limits and . The specific surface area for probe size r is calculated as the sum of surface areas of all pores of radius larger than r divided by the samples volume:35
     Eq. 5
Where S(r) is the total surface area of pores with radius larger than r and . 
The nv is the average number of pores per unit volume:35
         Eq.6
It is noticed that when comparing the specific surface area with that derived from the nitrogen adsorption data, the SANS-derived values for surface area was extrapolated to r = 4Å, the molecular size of nitrogen. 10, 35 
In IRENA, the small angle scattering intensity is expressed in terms of volume fraction distribution of pores, f(D), where D is the diameter of pores, for greater numerical stability:7
    Eq.7 
In Eq.7,   is the scattering contrast, F is the form factor amplitude, V is the particle volume, k represent different populations and i is the bin number. 7 The plot of f(D) vs. D corresponds to volume size distribution. In porous media, the f(D) refers to the volume fraction distribution of the pores (cm3cm-3), i.e., the porosity distribution. The relation between volume size distribution and number size () distribution is given as:
    Eq.8
Where  is the volume of a pore with a diameter of D;  is the total number of pores and  probability of occurrence of a pore of diameter D. 7 In IRENA, pores can have a spherical or a cylindrical shape. Both the volume size distribution and number size distribution can be obtained from IRENA. The volume size distribution has a unit of cm3cm-3 Å-1 or Å-1. The number size distribution has a unit of cm-3 Å-1 according to Eq.8. 
3.2 Recent developments in SANS/USANS data analysis
Typical SANS/USANS data of shale presented on a log-log scale show a linear regime extended to high-q of ~ 0.1-0.2 Å-1. In many cases, the linearity at the low-q end is modified by the multiple scattering effect.24, 36 The scattering from the regimes of q > 0.2 Å-1 is contributed by two factors, one is incoherent background and the other is nano-scale structures in shale (R~ 2.5/0.2=12.5 Å).23, 36, 37 After proper background subtraction, the SANS/USANS data is analyzed to obtain information of the pore structure. In the papers published around 2013 to 2014, both the surface fractal dimension and pore size distribution or porosity (using the PRINSAS program) were extracted from the same SANS/USANS data.20, 23, 37, 38 As stated previously, one cannot tell the scattering is due to pores with surface fractal properties or polydisperse non-fractal pores with a power-law size distribution. The derived f(r) was divided by the density of the shale and compared with dv/dr (cm3/g Å) derived from N2/CO2 adsorption and/or mercury intrusion data.25, 38-41 The data suggest that the pore size distribution in some shales can be roughly described by the power-law function. It is noted that PRINSAS allows one to choose a power-law function to fit the data or to use a general size distribution.6 IRENA has also been used frequently in data analysis.39, 42-45 
[bookmark: _Hlk61607959]It is very likely that the pores in shale are polydisperse surface fractals. For polydisperse surface fractals, the polydispersity may destroy all the information about surface fractal dimension.46, 47 Assume , the Ds is given as 6- (see Eq.2). Suppose the radius distribution follows a power-law function, as found in some shale samples, . If , . However, if ,  and one cannot obtain the Ds from the power-law scattering. 47 
In many studies, the high-q data (often in the range of ~ 0.1 to 0.5 Å-1) was discarded. In this region, the experimental curve flattens out on the order of ~ 0.1 to 1 cm-1. The background value is taken as the intensity at the highest q value measured27, 37, 40 or obtained by fitting the SANS data to  24, 48 Hall et al.16 and Radlinski et al.5 noticed that the experimental background was often larger by factors of 2 or more than theoretical incoherent cross sections. This suggested that the high-q data may contain structural information pertinent to shale. Bahadur et al. analyzed the high-q data after subtraction of estimated backgrounds based on an empirical equation: , where H represent the weight percent of hydrogen in shale.37 Micropores with spherical shape and log-normal size distribution were derived from analyzing the high-q data (Figure 3).23, 36, 37
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Figure 3. a) Background-subtracted SANS curve of a rock sample. The solid lines show the fitting of the SANS profile using the PDSP model and polydisperse micropores. b) The obtained micropore size distribution. Reproduced from Ref. 37. Copyright (2016) International Union of Crystallography.
There are some researchers who adopted a different approach to analyze the neutron scattering data. In these studies, SANS/USANS data were fitted by the following equation:14, 26, 44, 49, 50
   Eq. 11
This approach excluded the power-law scattering portion from the scattering data for the derivation of the pore size distribution. There are also a few reports which only used  to extract the Ds=6- from SANS data of shale samples.51, 52 
3.3 Anisotropy of the SANS pattern. 
The 2D SANS spectrum of shale wafers cut perpendicular from the bedding often show certain degree of anisotropy,16, 20, 49, 53-56 as illustrated in Figure 4a.57  Figure 4b shows the scattering intensity as a function of the azimuthal angle .57  For isotropic scattering, the intensity is basically constant over the azimuthal angle range (Figure 4b). There are different methods to characterize the anisotropy of the pores in shale.20, 53, 55-57 One way to quantify the degree of orientation is via the Hermans parameter:20, 57
   Eq. 9
Where  is calculated from the integral:
   Eq. 10
Where is the scattering intensity as a function of the azimuthal angle at a particular q (Figure 4b). The orientation parameter as a function q or pore size is often reported.20, 56, 57 Unlike SANS, USANS often measures the intensity at one q value at a time.54 It is noted that a protocol to desmear USANS data from anisotropic scattering was developed.54 It is more convenient to use powder samples for USANS measurements to avoid anisotropic scattering unless one is interested in that information. 
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Figure 4. a) Schematic plot of a thin section cut perpendicular to bedding and the corresponding 2D SANS spectrum; b) I(Q) versus azimuthal angle . Reproduced from Ref. 57. Copyright (2020) Elsevier.
3.4 Accessibility of pores
SANS/USANS measure all the pores in shale within the size range determined by the instrument configuration. This offers an opportunity to estimate the fraction of open (or closed) pores in conjunction with the fluid invasion data.40, 58-60 However, one should keep in mind that the porosity data derived from different instruments used to estimate the open porosity need to be from the same pore size range. The accessibility of pores in shale to water or methane has been more frequently studied by contrast-variation SANS/USANS. 20, 21, 26, 43, 44, 48, 58, 61-63 The SLDs of water and D2O are -0.56 ×10-6 Å-2 and 6.36 ×10-6 Å-2, respectively. The SLD of deuterated methane is calculated as ×10-6 Å-2 and  is the density of methane.10 The average SLD of shale is around 4×10-6Å-2. The SLD of liquid mixture of H2O and D2O can be varied by changing the volume fraction of H2O to match that of shale. The SLD of deuterated methane can also be equaled to that of shale by varying its pressure. Under contrast match condition, any residual scattering is from closed pores in shale which cannot be accessed by water or methane. The volume fraction of accessible pores (CAC) at any q (CAC(q)) is given by  , where  is the I(q) value at contrast match condition and  is I(q) under vacuum.21 It is a good practice to experimentally measure the contrast match point due to complexities in shale composition (Figure 5a).26 Once it is determined, the accessibility of pores with different sizes is obtained (Figure 5b).26 
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Figure 5. a) Contrast variation studies to find the contrast match point. b) of three different samples as a function of q. Reproduced from Ref. 26. Copyright (2018) Elsevier.



3. 5 Two-phase vs. Three-phase model
For neutrons, the SLDs of main minerals in shale are close to each other (~ 4×106Å-2).53 The SLD of kerogen depends on the degree of maturity. It can vary from 1  to 4×106 Å-2.55 Therefore, there may be cases where the two-phase model does not apply for neutron scattering.34 In a three-phase model, the scattering intensity is expressed as:64
   Eq. 12
Where ,  and  represent the SLDs of minerals phase, kerogen and pores, respectively. , and  correspond to scattering functions of minerals phase, kerogen and pores, respectively. If most of the pores are open, one can use contrast variation to extract  or . A mixture of H2O and D2O can be prepared such that the SLD of the mixture is equal to  or . It is assumed that the mixture can penetrate all the open pores in shale. In this case, = or = and the Eq.12 reduces to the two-phase model. Another way is to make three or more measurements with different contrast factors.64 For example, prepare three different mixtures of H2O and D2O and soak three shale samples in each of them to ensure water penetration. Since there are three unknowns, , and , it is possible to solve the  three equations64. If there is a significant number of closed pores, it is difficult to extract , and .
Recently, Liu et al. developed a method to quantify surface heterogeneity of porous materials.65, 66 This method also assumes all the pore are accessible to external fluids since it relies on contrast variation. By varying the SLDs of the fluid, such as increasing the pressure of CD4, several scattering curves are obtained. They derived a function, , which is a parabolic function of the pore fluid density. By fitting the experimental data with , a surface averaged SLD and a normalized mean square variation of the SLD () are obtained. A smaller  means surface chemistry over the entire interfaces in the material is more homogeneous.65, 66 
[bookmark: _Hlk61529062]4. CHALLENGES AND PERSPECTIVES
[bookmark: _Hlk61529102][bookmark: _Hlk61530236]SANS and USANS is considered as a special method due to its limited accessibility and required expertise in data interpretation. It is however a powerful tool for investigation of the pore structure in shale. One additional benefit for uses is that they can collect enough data for a few papers within 2 to 3 days due to strong scattering intensity of shale. It is always a good practice to consult an expert for SANS/USANS data analysis. The first SANS study on shale samples from China were done in March 2016 at ORNL by us.40 China now has two SANS instruments that are accepting users. Some shale samples were already studied using both the China spallation neutron source (CSNS) 45 and Key Laboratory for Neutron Physics of Chinese Academy of Engineering Physics67. Considering the vast shale resources in China, it is imperative to train new users to properly collect SANS data and correctly interpret them. 
[bookmark: _Hlk61608081]Different methods have been used to analyze the pore size distribution from SANS/USANS data of shale. It is important to integrate neutron scattering data with other techniques such as fluid-invasion and imaging techniques. The high-q data (q>0.2Å-1) needs to be included in the data analysis and one should extend the maximum q values as much as possible. Combined SANS and SAXS measurements are needed since they can determine whether some of the pores in shale samples are empty or filled with oil.55 It was not our intention to imply that PDSP analysis was more suitable than surface fractal analysis. However, there is a trend to focus on the porosity and pore size distribution in recent published papers.
Development of sample environment tailored for shale and other geological samples is crucial to expand the capacity of a SANS/USANS instrument. A pressure cell that can mimic reservoir temperature and pressure conditions is desirable. Pressure studies relevant to hydraulic fracturing 44, 50 or CO2 sequestration48, 62, 68 are particularly interesting. However, application of pressure to shale may introduce uncertainties in data interpretation since it can compress or swell the shale matrix, cause capillary condensation,43, 69 lead to clustering of methane molecues21 and deformation of kerogen matrix50. Despite that, more pressure and temperature studies are needed to further understand the interactions between fluids or gases with pore space in shale. 
5. CONCLUDING REMARKS
Shale reservoirs have complex compositions with heterogeneous pores distributed between the inorganic and organic phases. The nature of pores in shale requires application of multiple techniques for a better understating. It is necessary to understand the working principle behind each technique to make meaningful companions. Neutron scattering has several advantages: detecting total pore structure within its measurable size range, easy implementation of contrast variation, in situ neutron scattering measurements under pressure or water vapor environment.  It has been used to study the total porosity, accessibility and wettability, expansibility and deformation under pressure of shale reservoirs. Neutron scattering continues to play an important role in revealing pore structure and its interactions with fluids or gases. 
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