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Abstract
[bookmark: _Hlk26341084]Soil organic matter (SOM) is formed through partial decomposition and transformation of plant litter inputs. Thus, litter chemistry is generally regarded as the primary control over the formation efficiency of litter-derived SOM through selective preservation of recalcitrant litter fractions. Here we used model soils and showed that the SOM formation efficiency was, instead, controlled by discriminative protection of litter- and microbially-derived residues by different clay minerals. The SOM formation efficiency was higher for vermiculite than for kaolinite and illite because vermiculite protected more labile litter- and fungal residues through surface adsorption than did kaolinite or illite through pore entrapment. We developed a novel model to quantify mineral-protection strength following litter decomposition, and demonstrated that the mineral-protection strength explained well the variation in the SOM formation efficiency among the model soils, and could be predicted for a natural soil material from those of its compositional clay mineral types and their relative abundances in the soil. Our results provide solid evidence that soil clay mineralogy plays a critical role in SOM formation as known in long-term SOM stabilization, with important implications for model improvement to predict SOM dynamics for different soil types.
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Introduction
Plant litters are the main source of organic carbon (C) to soils. Their inputs are mostly respired by soil microbes and only partially transformed into stable soil organic matter (SOM) in mineral phases. The proportion or the efficiency of litter-derived SOM is generally small, but it plays key roles in maintaining soil functionality, such as soil fertility and carbon sequestration and in controlling spatiotemporal variations of current and future SOM storage. Litter types have been regarded as the primary control over SOM formation efficiency because only the chemically recalcitrant litter fractions are assumed to contribute to SOM formation through selective preservation1-3. However, soil minerals can physically protect SOM from microbial and enzymatic access and degradation through mineral-organic association and soil aggregation4-6. Some authors have considered that SOM dynamics are governed by physical protection rather than chemically selective preservation7-9. Several studies have also shown preferential movement of dissolved labile litter C into mineral-associated SOM and likely a higher formation efficiency of SOM than expected due to selective preservation of recalcitrant litter fractions10-11. The controls of litter chemistry and soil mineralogy over SOM formation efficiency have rarely been examined together12 and are not distinguished in most SOM models13. Hence, we cannot predict SOM dynamics of different soil types with contrasting mineralogy, which prevents the establishment of targets for increasing SOM at farm, landscape, and regional scales14-16.
Different soil mineral types vary considerably in specific surface area, surface charge, flocculating behavior, and their degree of SOM protection through mineral surface absorption or pore entrapment within mineral domains17-18. Thus, the mineral-organic association extent and strength and then the decomposability of SOM within mineral phases may differ with clay mineral types19-21. Therefore, the amount and chemical composition of SOM derived from litter decomposition may vary among soil mineral types even given comparable conditions. For example, several incubation studies have reported that compared to 1:1 clay minerals, 2:1 clay minerals and some oxides can protect more C22-23 and especially more labile compounds24. In addition, soil mineral types, like litter types, can alter soil microbial communities25-26  and accordingly influence litter decomposition products and microbial residues that will be bound to soil minerals. However, direct measurements of the chemical and physical composition of soil minerals and newly forming SOM that is associated with specific types of soil minerals have proved difficult in natural soils. Therefore, how soil mineral composition, relative to litter chemistry, controls the SOM formation efficiency remain unexplored. 
To address these issues, we used model soils to determine the simultaneous effects of litter and clay mineral types on the dynamics of litter decomposition, formation efficiency and chemical compositions of SOM and mineral-organic association mechanisms. Because our model soils are initially free of C and microbes, we eliminate the difﬁculties in distinguishing newly formed litter and microbial residues from pre-existing SOM in natural soils. We mixed four model soils with either maize (Zea mays L.) or soya (Glycine max L.) straw and with one inoculum extracted from an undisturbed productive grassland. The four model soils were created separately using pure vermiculite, illite and kaolinite, and a pre-treated natural soil material taken from > 2 m that consisted of these three clay mineral types and a mixed layer mineral of vermiculite and illite (Supplementary Table 1). We incubated the model soils at constant moisture and temperature for 120 days and followed the dynamics of soil respiration to quantify mineral-protection strength using a novel model we developed for this study. We first hypothesized that the chemical composition of SOM would diverge during litter decomposition depending on whether the SOM is associated with clay minerals through surface adsorption or instead pore entrapment: surface adsorption would convey a higher mineral-protection strength and lessen decomposition of labile litter residues adsorbed onto the minerals compared to pore entrapment (Fig. 1). Secondly, we hypothesized that the mineral-protection strength could be used to predict the variation of the SOM formation efficiency among clay mineral types and could be predicted for the natural soil from the mineral-protection strengths and relative abundances of its compositional clay minerals. Thirdly, we expected interactive effects between litter and clay mineral types on microbial communities and then on the chemical compositions and formation efficiency of SOM. 

SOM formation efficiency
Post-incubation C contents of the model soils, expressed on the basis of initial litter C content, were used to represent their formation efficiency of SOM. The formation efficiency of SOM ranged from 328.8 g-C kg-1 litter C to 960.9 g-C kg-1 litter C (Supplementary Table 2) and was significantly (P < 0.05) affected by litter and clay mineral types and their interaction. It was higher for maize litter than for soya litter in all model soils and was higher in the vermiculitic soil than in other soils for both litter types. Apart from the vermiculitic soils, other model soils were significantly separated only for maize litter. 

Chemical and microbial compositions of SOM
To characterize the contributions of litter residues to SOM, we measured the chemical composition of original litters and post-incubation SOM using solid-state 13C nuclear magnetic resonance (13C NMR). The model soils were pretreated with 2% hydrofluoric acid to concentrate the SOM and reduce the interference in NMR spectra from paramagnetic materials such as Fe(III). 
[bookmark: OLE_LINK4]The 13C NMR spectra of the SOM samples displayed the same types of functional C groups as those in the original litters, but in varying proportions (Fig. 2a). The relative abundances of anomerics and O-alkyls from carbohydrates decreased and those of other functional groups increased compared to the original litters, regardless of litter or clay mineral type (Supplementary Table 3). The chemistry of litter-derived SOM differed between litter types in each model soil and among the model soils for either litter type (Fig. 2b). All the SOM samples from soya litter had higher abundances of N-containing compounds (NCH/OCH3 and COO/N–C=O) and less aromatics and aromatic C–O groups than those from maize litter. For either litter type, the SOM had higher relative abundances of aromatics and aromatic C–O groups in the illite soils than in the vermiculitic soils. The litter type effect on the NMR signals for newly forming SOM was less for illite soils than for vermiculitic soils. These findings suggest that litter and clay mineral types may interactively affect the chemical composition of SOM, rather than litter type alone, and that different clay minerals may discriminatively protect labile and recalcitrant litter residues to different degrees.
To characterize microbial contributions to SOM, we measured post-incubation phosphorous lipid fatty acids (PLFAs) and amino sugars as indicators of microbial biomass and necromass of different functional communities, respectively. The total amounts of PLFAs and amino sugars accounted for 1.2-1.8 g-C kg-1 litter C and 3.0-8.5 g-C kg-1 litter C, respectively and were affected inconsistently by litter or clay mineral types (Fig. 3). The total amount of PLFAs was not different among all eight soils except for the vermiculitic soil, which had the lowest total PLFAs for maize litter and the highest total PLFAs for soya litter (Fig. 3a). The total amount of PLFAs was dominated by bacterial PLFAs in all eight soils. In contrast, the total amount of amino sugars was greatest in the kaolinite soils, followed by the vermiculitic soils, and least in the illite and mineral s for both litter types (Fig 3b). The total amount of amino sugars was dominated by fungal amino sugars in all eight model soils except the illite soil mixed with soya litter. The amount of fungal amino sugars was greatest in the vermiculitic soils, followed by the kaolinite soils and the natural mineral soils, and least in the illite soils for both litter types. The vermiculitic soils contained solely fungal amino sugars. This trend suggests that different clay minerals types may also discriminatively protect fungal and bacterial residues to different degrees.

Main controls over the SOM formation efficiency
To compare the relative roles of litter and clay mineral types in the formation efficiency of SOM, we constructed a structure equation model27 using the parameters that were significantly correlated with the formation efficiency of SOM in both linear regression (Supplementary Fig. 1) and stepwise regression. Surprisingly, the litter chemistry parameter (PC1 score in Fig. 2b) was not identified, indicating no effect of selective preservation of recalcitrant litter fractions on the SOM formation efficiency. The path coefficient (kp) of the optimized structure equation model (Fig. 4) indicates that the SOM formation efficiency was mostly controlled by mineral protection capacity (mineral specific surface area, kp = 0.95) and mineral selectivity to litter residues (PC2 score in Fig. 2b) (kp = 0.92) and, to a much lesser extent, by mineral selectivity to microbial residues  (ratio of fungal to bacterial residues, kp = 0.39).In addition, mineral surface area was also linked to the compositions of soil microbial communities (fungal biomass and fungal to bacterial biomass ratio, kp = 0.86) and mineral-protected labile litter residues (kp = -0.88) directly and to fungal residues (kp = 0.11) indirectly. 

Mineral-organic association mechanisms
[bookmark: OLE_LINK6][bookmark: OLE_LINK5]X-ray diffraction peak intensities reflect the order and average thicknesses of elementary stacks of clay layers or of clay particles of 2:1 and 1:1 clay minerals. SOM may change the thicknesses of the clay minerals by influencing the entries of water or cations into interlayers or inner spaces between elementary stacks of clay layers when it is adsorbed on the mineral surface or through promoting the aggregation of mineral particles as mineral domains or quasicrystals when it is entrapped 28. So, we compared the X-ray diffraction spectra of the pre- and post-incubation model soils and the post-incubation models soils with and without association with SOM (through H2O2 treatment) to gain insights into how SOM was protected by different clay minerals (Fig. 5). 
Compared with the original clay minerals, the X-ray diffraction peak intensities increased after incubation with maize litter for vermiculite and illite in the natural soil mineral and the pure kaolinite, as well as with soya litter for vermiculite in the natural soil material. Peak intensities decreased after incubation wither either litter type for kaolinite in the natural soil material, the pure vermiculite and illite as well as with soya litter for illite in the natural soil material. Since the natural soil material was heated to remove SOM before the incubation experiment, the increased peak intensities of its vermiculite and illite during the incubation period may be attributed to the re-entry of water to the oven-dried natural soil material, rather than to SOM entrapment. SOM entrapment within interlayers is very rarely observed for very fine 2:1 clay minerals28. Meanwhile, SOM formation might bind free kaolinite particles together, leading to the reduction of the thickness of kaolinite domains in the natural soil material. In contrast, the increased peak intensity of the pure kaolinite is consistent with earlier demonstration of SOC entrapment X-ray diffractometry and scanning electron microscopy29.
We also compared X-ray diffraction spectra of the model soils after incubation with and without hydrogen peroxide treatment30 to determine whether hydrogen peroxide itself altered the minerals. We observed that the hydrogen peroxide treatment had little effects on the positioning of all X-ray diffraction peaks, but it changed their peak intensities compared with the untreated minerals. After the removal of SOM, the X-ray diffraction peak intensity increased for vermiculite and decreased for illite and kaolinite irrespective of their origins and litter types. These findings support the evidence provided above that SOM was associated with vermiculite through surface adsorption, but with illite and kaolinite through pore entrapment within mineral domains. Removal of SOM adsorbed on the surfaces of vermiculite would allow water re-entry and expansion of interlayers, while removal of SOM entrapped within inner spaces within illite and kaolinite domains would reorganize their arrangements and decrease the average thicknesses of these mineral domains. 

Mineral-protection strength
We assumed that decomposing litter residues within mineral matrices could be partitioned into free (not protected) and mineral- protected litter pools (through mineral-organic association and aggregation). During litter decomposition, the free litter pool would be transformed into the mineral-protected litter pool, which could continue to decompose, but at a slower rate than the free litter pool. Such mineral protection would alter total soil respiration and relative contributions from these pools. The stronger the mineral protection, the lower the total soil respiration and the smaller the contribution from the mineral-protected litter pool. Based on this feedback effect of mineral protection on soil respiration, we developed a novel mineral-mediated decomposition model (Eq. 1) to quantify mineral-protection strength, δ, for a specific mineral/soil:
                     (1)
where, Ct is the cumulative soil respiration (% of litter C) at time t; and k1 and k2 are the decomposition rate constants of the mineral-protected and free litter pools, respectively. The two pools sum to 100% of total soil respiration at any time. 
Our model well (R2 > 0.96) described the dynamics of cumulative soil respiration for all the soils (Fig. 6a). The simulated mineral-protection strength ranged from 0.18 to 0.49 (Supplementary Table 2) and was affected by litter and clay mineral types and their interaction. We observed that the vermiculitic soils had larger mineral-protection strength than did the illite and kaolinite soils for both litter types, and that the mineral-protection strength was larger for maize litter than for soya litter in all model soils except for the vermiculitic soil. The the vermiculitic soil had lower protection strength for maize litter than for soya litter. 
 We found that the mineral-protection strength explained 67% to 96% of the variation of the formation efficiency of SOM (Fig. 6b). In addition, the mineral-protection strength of the model soil consisting of multiple natural soil clay minerals (soil) was predicted well from the mineral-protection strengths (clayi ) and the relative abundances (%clayi) of the compositional clay minerals in the soil using a multilinear regression equation (Eq. 2). The absolute root-mean square error (ɛ) of the simulation was < 0.05,
soil =∑%clayi * clayi + ɛ       										(2)
The relative abundances of the clay minerals in the natural soil material quantified by using the decomposition method of X-ray diffraction spectra31 were 6% for kaolinite, 47% for illite, 21% for vermiculite and 26% for a mixed layer mineral of illite and vermiculite. The average of the mineral-protection strengths of illite and vermiculite was used as the mineral-protection strength for the mixed layer mineral of illite and vermiculite for either litter type. As such, the mineral-protection strength of the mixed layer mineral was the largest source of simulation error for either litter type. 

Discussion
Here we used model soils to characterize both clay minerals and SOM for understanding the mechanisms controlling the formation efficiency of mineral-associated SOM during litter decomposition. We demonstrated interactive effects of clay mineral and litter types, rather than litter type alone, on the chemical composition (Fig. 1) and formation efficiency (Fig. 4) of SOM. Different clay minerals discriminatively protected litter and microbially-derived residues due to differences in mineral-organic association mechanism (Fig. 5) and mineral-protection strength (Fig. 6). Since the mineral-protection strength was higher for surface adsorption by vermiculite than for pore entrapment within domains of kaolinite or illite, vermiculite discriminatively protected more litter-derived labile compounds and fungal residues and had a higher SOM formation efficiency than kaolinite and illite. The significance of mineral-discriminative protection and its control over diversity of organic compounds in SOM has been recently reported for long-term preservation/stabilization of SOM12. The discriminative protection oflitter and microbial residues by different clay mineral types explains why SOM structures often look similar for soils with similar soil mineralogy, but different for soils with contrasting soil mineralogy in different climate zones32-35.
We found that clay minerals were associated with both labile (i.e. O–alkyls and anomerics) and recalcitrant (aromatics and aromatic C–O) litter residues and that litter-residues were dominant over microbial residues in mineral-associated SOM (Figs. 2 and 3). These findings suggest that litter residues, regardless of their recalcitrance, could be associated with clay minerals as very fine SOM observed using transmission electron microscopy36. However, these findings do not support the hypothesis that mineral-associated SOM was derived only from labile litter compounds10-11 or microbially processed products26. The discrepancy arises likely as the previous studies allowed only labile substrates into mineral phases through leaching during litter decomposition above the ground10, preferentially labelled labile compounds in litter to trace SOM formation from litter decomposition in soil as indicated by a low 13C abundance (4%) 11 or used only labile substrates26.
We demonstrated that more labile litter residues and fungal residues (Figs. 2 and 3) were better protected through surface adsorption by vermiculite than through pore entrapment within domains of kaolinite and illite, irrespective of litter types. Several studies have also demonstrated a shift toward retention of more fungal than bacterial residues in model soils consisting of vermiculite when compared to illite25 or in natural soils dominant with vermiculite37. We attributed this phenomenon to higher relative abundance of fungi in the vermiculitic soil than in other soils (Fig. 3) and higher recalcitrance of fungal residues compared to bacterial residues, as suggested by previous study38. Bacterial residues can be decomposed by fungi for growth39. So bacterial residues were not protected when they were exposed on vermiculitic surfaces but were better protected when they were isolated in pores within domains of illite and kaolinite. 
We provided the first model to describe the feedback effects of mineral-organic association on litter decomposition within mineral matrices and to quantify mineral-protection strength. This novel model consisted of two separate and interactive pools, which is fundamentally different from the conventional SOM model, often consisting of two discrete pools40-41. We provide a simple and reliable approach to quantify mineral-protection strength for specific mineral types or soils and to understand some physico-chemical and physical protection processes of SOM. The modeled mineral-protection strength explained well the variance of the measured SOM formation efficiency of the model soils mixed with either litter types (Fig. 6). Although several cutting-edge models provide a framework to describe the role of mineral protection in controlling SOM dynamics and stabilization13,42, no models are available to describe the control of mineral composition over SOM formation efficiency. In addition, those SOM models have not yet incorporated parameters that consider mineral-protection strength. 
We were able to predict the mineral-protection strength of the carbon-free natural soil material based on the mineral-protection strengths of the pure clay minerals and their relative abundances in the soil. The vermiculite, regardless of its origin, had a much larger specific surface area than the illite (Supplementary Table 1). The natural soil material was taken at a depth below 2 m and is not highly weathered, so its illite would have a relatively large particle size and then a small specific surface area compared to the pure illite (Supplementary Table 1). Contrasting X-ray diffractogram changes in illite from the same subsoil as ours were observed in a previous study43, suggesting that SOM was adsorbed on the surfaces of < 2 μm illite, but entrapped within pores of 2-5 μm illite domains. However, natural soil minerals, particularly in surface soils, may differ notably from pure minerals in their particle size and surface properties, which will inevitably impact mineral-organic association mechanism and strength, as shown for illite in our study. In addition, our model soils were initially C-free. However, SOM may be protected through adsorption to existing SOM, rather than through mineral associations in soils with high organic carbon contents44. Therefore, further studies are needed using more mineral and litter types or soils with different initial C contents and running for longer time scales to better understand mineral protection of SOM. With better knowledge about soil mineralogy and mineral-organic association, our novel model can likely be incorporated into next generation soil and terrestrial C cycling models to reliably predict and compare SOM dynamics among different soil types.

Methods
Incubation experiment preparation 
Soil samples were taken from a surface soil (0-10 cm) under a productive grassland restored from cropland for about 30 years and a subsoil at a depth of > 2 m in a cropland cultivated by soya/maize in rotation for about 30 years at the Hailun Experimental Station, Chinese Academy of Sciences, Hailun, Heilongjiang Province (47°26′N, 126°38′E). The soil was developped from sedimentary matierals of loess-like materials and classified as a Pachic Haploboroll according to USDA Soil Taxonomy or Phaeozems according to the World Reference Base for Soil Resources. The subsoil consisted of 420 g kg-1 clay (< 2 μm) and 356 g kg-1 silt (2-20 μm), and its clay mineralogy was dominated by vermiulite, illite and a mixed layer mineral of vermiculite and illite43. 
The surface soil was used to extract microbial inoculum at a soil: water ratio of 1: 15 (mass: volume)45. The soil suspension was shaken with glass beads for 2 hours to better slake the soil and centrifuged (1000 g) for 12 minutes to separate soil solution from the soil. The supernatant was then transferred into a new vial and centrifuged at 3470 g for 30 minutes. These procedures were repeated twice, and the mixed supernatants were used as the inoculum. The subsoil was used to extract the silt+clay (< 53 μm) fraction by wet sieving. The silt+clay fraction of the subsoil was heated at 500 oC for 2 hours to remove soil organic carbon and microbes to derive a carbon-free natural soil material that was dominant withvermiulite, illite and a mixed layer mineral of vermiculite and illite. This soil material and other three commercially available pure clay minerals (vermiculite, illite or kaolinite) (Supplementary Table 1) were used to prepare four model soils, which were composed of single soil material or pure clay minerals with silt- (5-6.3 µm) and sand- (200-100 µm) sized quartz at a clay: silt: sand ratio of 5: 4: 1, reproducing the particle size distribution of the original subsoil. We mixed these four model soils with either maize (Zea mays L.) or soya (Glycine max L.) straw, and with one inoculum, then incubated the model soils at constant moisture and temperature for 120 days. Briefly, aliquots of 90 g of each model soil and 3 g of a litter were added into each of 24 Erlenmeyer flasks (240 mL) ensuring a similar volume or soil bulk density by slight packing in each flask, providing three replicates for each gas and soil sampling. Both maize litter and soya litter had been harvested three months after sowing and chopped into < 0.25 mm particles. The C/N ratio was 29 for maize litter and 14.9 for soya litter. Then 20.6 mL distilled water and 5.4 mL inoculum from the surface soil were added and thoroughly mixed by spoon for 5 minutes in each flask. The flasks were sealed with rubber stoppers and incubated in the dark at 25oC for 120 days. 
Sampling and measurement during the incubation experiment 
During the 120-day incubation, soil respiration was recorded through measurement of CO2 evolution in the flask headspaces. Gas samples were collected at 3, 6, 9, 12, 18, 22, 27 and 30 days in the first month, and weekly in the following months. Three blank Erlenmeyer flasks for each sampling time and mineral treatment were analyzed for background CO2 concentrations. After each gas sampling, all remaining Erlenmeyer flasks were opened for 20 minutes to replace their CO2-enriched headspace with fresh air. Then soil moisture content in each flask was adjusted by weighing and adding a specified water volume to re-establish the original moisture content. The CO2 concentration in each gas sample was measured by titration using 0.1 N NaOH and corrected by subtracting the background CO2 concentration. The corrected CO2 concentration was used to calculate daily emission. 
[bookmark: OLE_LINK7]At the end of the incubation, soil samples were taken for measuring C and N contents, X-ray diffractograms, PLFAs and amino sugars and to extract mineral-associated SOM for measuring C and N contents and chemical structures using solid-state 13C cross polarization/total sideband suppression (CP/TOSS) NMR spectroscopy. The mineral-associated SOM was extracted by hydrofluoric acid treatment and centrifugation. Briefly, 5-g air-dried soil samples were mixed with 40 mL 2% hydrofluoric acid in 100 mL plastic tubes, shaken for 2 hours at 25oC at 180 rpm and centrifuged at 1000 g for 10 minutes. Before and after centrifugation, visible floating materials was removed, and the supernatant was discarded. The treatments were repeated four more times. The final remaining soil residues were washed four times with deionized water to remove hydrofluoric acid, oven dried at 80oC until constant weight, and measured for C and N contents and chemical structures by using 13C NMR. Based on the C contents before and after the treatment of 2% hydrofluoric acid, C loss was estimated, being from 4.7% to 16.8% in all model soils except for the vermiculitic soil added with soya litter (37.6%) (Supplementary Table 2).
Mineralogical and chemical analyses
All the soil samples collected both before and after the incubation were used to identify clay mineral types through X-ray diffraction (Shimadzu 7000, Cu-Kα, Ni, 40.0 kv, 30.0 mA, 0.04 degree) and to quantify clay mineral composition by using the spectral decomposition technique31. After the incubation the silt+clay fraction (< 53 μm) was isolated by wet sieving and shaking with beads and then repeatedly treated with 30% hydrogen peroxide followed by decantation of the supernatant and fresh application of hydrogen peroxide until SOM oxidation was completed, as demonstrated by lack of bubbling with further hydrogen peroxide addition. Hydrogen peroxide treatment was previously shown to have almost no impact on inter-layer structures of clay minerals30 and mineral surface characteristics46. Then the soil samples were rinsed with 60 mL distilled water five times to remove remaining hydrogen peroxide and dried at 60°C. The original soil samples were also used to measure (i) specific surface areas by the Brunauer, Emmett and Teller (BET) N2 adsorption method (Accelerated Surface Area and Porosimetry, 2020 System), (ii) soil and mineral pH (H2O) (volume: soil mass ratio, 2.5:1) using an electronic pH meter, (iii) non-crystalline iron (Feo) extracted using acid ammonium oxalate, sodium pyrophosphate and citrate–dithionite, and (iv) crystalline iron (Fed) extracted using sodium dithionite. 
Microbial analyses
At the end of the incubation, phospholipid fatty acids in the soils were measured following standard methods47-48 to characterize microbial community composition. Phospholipids were extracted from 3-g freeze-dried soil using 15 mL of a single-phase chloroform: methanol: citrate buffer (1: 2: 0.8) (0.15 M, pH 4.0), and measured using a gas chromatograph (Agilent 6890 Series, Agilent Technologies, Wilmington, DE) with a flame ionization detector. Nonadecanoic acid, 19:0, was used as an internal standard. Peaks were identified using the MIDI peak identification software (MIDI, Inc., Newark, DE) and a bacterial fatty acid standard49-50. A total of 34 phospholipid fatty acids were detected in these samples and assigned to different functional groups according to the nomenclature in the literature51, including G (+) bacteria (i14:0, i15:0, i16:0, i17:0, a13:0, a15:0, a16:0 and a17:0); G(-) bacteria (15:4ɷ3c, 14:0 3OH, 11Me 18:1ɷ7c, cy19:0 ɷ8c, 17:1ɷ8c, 18:1ɷ7c, 16:1ɷ7c, N 16:0, 15:3ɷ3c, 18:1ɷ9c, and 16:1ɷ6c and 15:1G); fungi (16:1ɷ5c, 18:2ɷ6,9c and 18:3ɷ6c); actinomycetes (10Me16:0, 10Me 17:0, and 10Me20:0) and general bacteria (14:0, 15:0, 16:0, 17:0 and 18:0).
After the incubation, soil amino sugars were also measured to determine the effects of clay mineralogy on fungal and bacterial residues52. A sufficient mass of each soil sample was ground to ensure extraction of approximately 0.3 mg N. Then the samples were placed in a closed hydrolysis flask (filled with N2 gas) and hydrolyzed in 10 mL of 6 M HCl at 105 oC for 8 hours. The solutions were filtered through glass-fiber filters GF6 (Schleicher & Schuell, Germany), and dried at 40 oC using a rotary evaporator in vacuum. Afterwards, the samples were re-dissolved in deionized water, their pH adjusted to 6.6-6.8 using 0.4 M KOH and 0.01 M HCl and centrifuged (1000 g) for 10 mins. Amino sugars were first recovered from post-incubation soils by freeze-drying and methanol washing and then extracted with dichloromethane from the aqueous solution as aldononitrile derivatives. Excess anhydride was removed with 1 M HCl and deionized water. The amino sugar derivatives were re-dissolved in a 300-μL mixed solvent of hexane and ethyl acetate in 1: 1 volume ratio for final analysis after the removal of dichloromethane by drying under nitrogen gas. The concentrations of amino sugars were quantified with the internal standard myo-inositol added before hydrolysis. N-methylglucamine was also added prior to derivatization to calculate the recovery of amino sugars and the amounts of amino sugars identified as glucosamine, galactosamine and muramic acid. The concentration of fungal-derived residues was calculated as the difference between total glucosamine and twice that of the muramic acid concentration, while the concentration of bacterial-derived residues was defined as the sum of bacterial glucosamine plus muramic acid and galactosamine53-54. 
13C solid-state NMR spectroscopy
13C CP/TOSS experiments were conducted at a spinning speed of 5 kHz and a cross polarization CP time of 1 ms, with 1H 90° pulse-length of 4 s and a recycle delay of 0.8 s using a Bruker AVANCE400 spectrometer at 100 MHz for 13C with 4-mm sample rotors. Four-pulse total sideband suppression was employed before detection, and two-pulse phase-modulated decoupling was applied for optimum resolution55. The spectra obtained with cross polarization/total sideband suppression were assigned to different C functional groups following previous literature3,56-57. The relative proportions of the functional groups in the total spectral area were obtained by integration58 and presented for all the SOM samples in comparison with those of the original litters in Supplementary Table 2. The average noise of three chemical shift regions sampled from beyond 0-220 ppm in each spectrum was used as an error to determine the differences in the functional group distributions between samples59.

Data analysis
All measured data were subjected to the Shapiro-Wilk test for normality before statistical analysis. Logarithmic transformation was carried out when necessary. One- or two-way analysis of variation was conducted to determine the effects of litter and clay mineral types. The means of three replicates were compared using the least significant difference test at P < 0.05. All statistical analyses were conducted using SPSS 21.0 software.
We developed a new mineral-regulating decomposition model (equation (1)) that included a novel parameter (), describing the feedback effect of mineral-protection on cumulative soil respiration and the relative contribution of decomposition of free litter pool and mineral-protected litter pool. We proposed to use  to quantify the mineral-protection strength of soil or mineral type by fitting the dynamics of cumulative soil respiration into the model using the least square optimization method with SPSS 21 for Windows.
 Linear regression was performed to predict the measured formation efficiency of mineral-associated SOM from the measured mineral-protection strength for all the soils mixed with either litter type. Linear multivariable regression was performed to predict the mineral-protection strength of the natural soil material from those of its compositional all pure clay minerals and their relative abundances in natural soil material for each litter type. As the natural soil material contained a mixed layer mineral of vermiculite and illite, the δ value of this clay mineral type was set as the average of those of vermiculite and illite. A simulated error item was added into the multivariable regression model, and the root mean square error (RMSE) between the measured and estimated δ values of the natural soil material was calculated to estimate the quality of the regression (equation (3)): 

                               (3)
where, Xi and Yi denote the measured and fitted δ values of the soil, respectively, and N is the number of available data.
The structural equation model is a multivariate statistical technique that has emerged as a synthesis of path analysis, factor analysis, and maximum likelihood analysis. It can partition direct and indirect effects and estimate the strengths of these multiple effects found in natural ecosystems. The structural equation model was constructed based on the significances of the linear regressions between the formation efficiency of mineral-protected SOM and all the available mineralogical properties and the compositional properties of litter and microbial- residues in SOM as well as microbial communities, and the significances of selected parameters in stepwise regression. The fit of the final structural equation model was evaluated using χ2 and P tests (P > 0.05 of chi-squared test indicated overall fit of the data with the model). The structural equation model analysis was conducted using AMOS 21.0 software (Amos Development Corporation, Chicago, IL, USA).
Principal component analysis of functional C groups expressed as relative abundance of the whole C spectrum or functional microbial groups expressed as the relative abundance of whole phospholipid fatty acid profiles was conducted to determine the effects of the litter and clay mineral types. The principal component analysis was performed using SPSS 21.0 software.
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[bookmark: _Hlk26325984]Fig. 1 | Schematic representation of two mineral protection mechanisms. a, A diagram of each mechanism: surface adsorption (top panels) and pore entrapment of SOM (bottom panels) by different types of clay minerals. Litter residues are associated with clay minerals to a higher strength through surface adsorption than through pore entrapment and decomposed to different degrees by microorganisms. b, Temporal changes in the chemical composition of labile (yellow) versus recalcitrant (brown) litter residues and the compositions of microbial functional communities and necromass (blue, bacteria; red, fungi) for each mechanism.
Fig. 2 | Chemical structures and composition of litter-derived SOM. a, CP/TOSS 13C NMR spectra of maize and soya litter and their derived SOM in four model soils. b, Differences in the chemical composition of litter-derived SOM between litter and clay mineral types. Principal component analysis of the relative abundance of functional C groups determined by 13C NMR among four model soils by two litter types in comparison with original maize and soya litters (top panel) and the loadings of individual functional C groups to the first two principal components (bottom panel). Open symbols are for soya litter and filled symbols for maize litter.
Fig. 3 | Community compositions of microbial biomass and necromass. a, b, Microbial biomass (represented by total phospholipid fatty acids) and microbial necromass (represented by amino sugars) of different communities in model soils mixed with maize litter (left column) and soya litter (right column). Lower case letters indicate differences in total microbial biomass or necromass among model soils for each litter type and * indicates difference between litter types for each model soil P < 0.05 (n = 3). Error bars represent standard errors (n=3).
[bookmark: _Hlk26324755]Fig. 4 | Main controls over the SOM formation efficiency during litter decomposition within clay mineral matrices. Optimized structure equation model shows no effects of litter chemistry and three independent (P = 0.16, n = 18) pathways from clay minerals to the SOM formation efficiency. Path coefficient (kp), with a significance at P < 0.05 (*) or P < 0.05 (**) and the proportion of the variance (R2) are presented for each pathway, with the line width proportional to kp. The mineral selectivity of litter residues is reflected by the score of the second principal component of principal component analysis of functional C groups estimated by 13C NMR (Fig. 2), showing the effects of clay mineral types irrespective of litter type.
[bookmark: _Hlk15488873][bookmark: _Hlk21254691]Fig. 5 | Mineral-organic association effects on the X-ray diffractograms of clay minerals. a, b, Original minerals (thick lines) before incubation and model soils without H2O2 treatment (thin lines) and with H2O2 treatment (dotted lines) after incubation with maize and soya litter.
[bookmark: OLE_LINK1]Fig. 6 | Quantification and application of mineral-protection strength. a, Cumulative respiration measured (symbols) and modeled (lines) using the novel model describing the mineral-protection strength (δ) (inserted equation). Error bars represent standard errors (n=3). b, Correlation between SOM formation efficiency and mineral-protection strength (δ). 



Supplementary Figure 1: Correlations of SOM formation efficiency with different mineralogical, microbial and litter compositional properties. a, Specific surface area (SSA); b, mineral pH; c, PC2 in Fig. 2; d, fungal PLFAs; e, fungal to bacterial PLFAs; and e, fungal amimo sugars. Filled and open symbols represented maize and soya litters, respectively.
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Supplementary Table 2: Measured total respiration, post-incubation soil C and C contents (defined as the SOM formation efficiency) and C loss rate due to hydrofluoric acid (HF) treatment, modeled mineral-organic association extent (δ), pool sizes and decomposition rate constants (k1 and k2) of free litter and mineral-protected litter residue pools, respectively, and determination coefficient (r2) of the best fitting to the new mineral-driven decomposition model.
Supplementary Table 3: Assignments and relative abundancess of C functional groups in soil organic matter of the model soils and original litters obtained by 13C cross polarization/total sideband suppression (CP/TOSS) nuclear magnetic renosance spectroscopy at the end of incubation.
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Fig. 1 | Schematic representation of two mineral protection mechanisms. a, A diagram of each mechanism: surface adsorption (top panels) and pore entrapment of SOM (bottom panels) by different types of clay minerals. Litter residues are associated with clay minerals to a higher strength through surface adsorption than through pore entrapment and decomposed to different degrees by microorganisms. b, Temporal changes in the chemical composition of labile (yellow) versus recalcitrant (brown) litter residues and the compositions of microbial functional communities and necromass (blue, bacteria; red, fungi) for each mechanism.
























Fig. 2 | Chemical structures and composition of litter-derived SOM. a, CP/TOSS 13C NMR spectra of maize and soya litter and their derived SOM in four model soils. b, Differences in the chemical composition of litter-derived SOM between litter and clay mineral types. Principal component analysis of the relative abundance of functional C groups determined by 13C NMR among four model soils by two litter types in comparison with original maize and soya litters (top panel) and the loadings of individual functional C groups to the first two principal components (bottom panel). Open symbols are for soya litter and filled symbols for maize litte


Fig. 3 | Community compositions of microbial biomass and necromass. a, b, Microbial biomass (represented by total phospholipid fatty acids) and microbial necromass (represented by amino sugars) of different communities in model soils mixed with maize litter (left column) and soya litter (right column). Lower case letters indicate differenences in total microbial biomass or necromass among model soils for each litter type and * indicates difference between litter types for each model soil P < 0.05 (n = 3). Error bars represent standard errors (n=3).



[image: ]
Fig. 4 | Main contorls over the SOM formation efficiency identified using structure equation modelling. Optimized structure equation model shows no effects of litter chemistry and three independent (P = 0.16, n = 18) pathways from clay minerals to the SOM formation efficiency. Path coefficient (kp), with a significance at P < 0.05 (*) or P < 0.05 (**) and the proportion of the variance (R2) are presented for each pathway, with the line width proportional to kp. The chemical composition of litter residues is reflected by the score of the second principal component of principal component analysis of functional C groups estimated by 13C NMR (Fig. 2) as it demonstrates the effects of clay mineral types irrespective of litter type.





Fig. 5 | Mineral-organic association effects on the X-ray diffractograms of clay minerals. a, b, Original minerals (thick lines) before incubation and model soils without H2O2 treatment (thin lines) and with H2O2 treatment (dotted lines) after incubation with maize and soya litter.





Fig. 6 | Quantification and application of mineral-protection strength. a, Cumulative respiration measured (symbols) and modeled (lines) using the novel model describing the mineral-protection strength (δ) (inserted equation). Error bars represent standard errors (n=3). b, Correlation between SOM formation efficiency and mineral-protection strength (δ). 
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