Highlights
· Reactive nitrogen accumulates at depth in the Red Soil Critical Zone.
· The majority of reactive nitrogen is stored below 1 m in the deep regolith.
· Land uses play a key role in determining reactive nitrogen accumulation.
· Pattern of nitrate accumulation negatively correlates with porosity variation.
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1	Reactive nitrogen accumulates beneath 1 m depth
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10 ABSTRACT
[bookmark: _GoBack]Nitrate accumulation has been reported in the top 1 m and subsurface soil (> 1 m) across arid to semi-humid regions, but not in humid regions. Nitrate inventories through the whole regolith, referred to collectively as soil and saprolite, in humid regions have received little attention to date, likely due to previously assumed low nitrification rates and large nitrogen (N) losses by severe surface runoff and erosion. In order to understand if and how reactive N exists in the below ground (soil and saprolite) in humid environment, the amount of NO3--N, NH4+-N and dissolved organic N (DON) present in the regolith to a depth of 9 m in a typical red soil Critical Zone was investigated under different land uses (upland, woodland and paddy field). The Red Soil Critical Zone Observatory is located in the subtropical Jiangxi Province, China, with a mean annual precipitation of 1795 mm and mean annual potential evapotranspiration of 1229 mm. The examined regoliths were acidic, highly weathered, and mainly clay loam in texture. Results showed that on average 92% (827 ± 97 kg N ha-1) of NO3--N and 82% (521 ± 153 kg N ha-1) of DON were stored at depth (from a depth of 1 m to the bedrock surface) in the upland regolith, while 92% (283 kg N ha-1) of NO3--N and 78% (820 kg N ha-1) of DON were stored at depth in the woodland regolith. Nitrate N significantly accumulated with depth in the upland regolith from the 1- to 4-m depth interval (p < 0.01), while the inventory (632 ± 75 kg N ha-1) in the top 3-m zone accounted for on average 71% of the total. Dissolved organic N significantly accumulated with depth in the upland regolith from the 0- to 3-m depth interval (p < 0.01), while the inventory (408 ± 75 kg N ha-1) in the top 3-m zone accounted for on average 64% of the total. There was no significant accumulation for NH4+-N throughout the upland regolith (p = 0.35). No substantial accumulation of dissolved N was measured at depth in paddy field regoliths with different cultivation ages. The finding that large reservoirs of reactive N can exist in deep regolith rather than in the routinely investigated solum of subtropical regions shows a missing part of the terrestrial N budget and raises concerns about potential 34 groundwater nitrate pollution.
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38 1.	Introduction
39 Overuse of nitrogen (N) fertilizers and increased deposition of bioavailable N to land have 
40 adversely affected soil ecosystem functions, water quality and biodiversity around the world 
41 (Matson et al., 2002; Guo et al., 2010; Liu et al., 2011; Payne et al., 2017). Understanding such 
42 effects requires quantification of N sources, reservoirs and cycling rates in a holistic approach. Red 
43 soils, mainly Acrisols, Alisols and Ferralsols according to the World Reference Base for Soil 
44 Resources (IUSS Working Group WRB, 2015), which cover approximately 22.7% of China’s land 45	surface (He et al., 1983) and about 16% of the world’s ice-free land surface (USDA, 2006) are 
46 reported to receive large amounts of ammonium-based fertilizer and / or atmospheric N deposition, 
47 due to intensive human activities in the tropical and subtropical regions (Dentener et al., 2006; Guo 48 et al., 2010; Wang et al., 2017).
49 Pathways of N removal from soils to other environments include leaching beyond the root zone 
50 and potentially into groundwater, plant uptake, ammonia volatilization, denitrification, anaerobic 
51 ammonium oxidation, and losses by runoff and erosion (Cui et al., 2013; Gu et al., 2015; Shan et 
52 al., 2016; Xia et al., 2017). A literature analysis on 628 data points of groundwater NO3--N 
53 concentrations in China showed that about 15% of samples exceeded the Chinese drinking water 
54 standard of 20 mg N L-1 for NO3--N and more than 28% of samples exceeded the USA drinking 
55 water standard of 10 mg N L-1 for NO3--N (Gu et al., 2013). With a few exceptions, dissolved organic 
56 N (DON) concentrations (0.2 to 3.5 mg N L-1) in leachate collected from various cropping systems 
57 exceeded the allowable concentration of 1.0 mg N L-1 (organic N plus NH4+-N) in drinking water 
58 in the European Union (van Kessel et al., 2009). This suggests that consideration of soil nitrate and 
59 DON at depths below the root zone is of vital importance for the quantification and mitigation of 
60 dissolved N leaching from soils to groundwater. Such deep sampling to study whether or not 
61 dissolved N accumulates in the deep regolith or leaches out of regolith into groundwater is rarely 
62 conducted.
63 There is growing evidence of large accumulations of residual NO3--N at different depths in the 
64 regolith of Chinese semi-arid and semi-humid croplands with calcareous soils, such as in the Loess 
65 Plateau and the North China Plain (Ju et al., 2006; Zhou et al., 2016). In these areas, total soil NO3--N 
66 accumulation to a depth of 4 m ranged from about 450 to > 2000 kg N ha-1 in wheat (Triticum 67	aestivum L.), maize (Zea mays L.), vegetable and orchard fields (Zhou et al., 2016). The 
68 accumulation of NO3--N at depth has been attributed to the overuse of N fertilizers and a declining 
69 groundwater table, together with assumed low levels of denitrification due to the presence of oxygen 
70 and absence of carbon sources that can act as reductants (Zhou et al., 2016). Nitrate N accumulation 
71 has also been observed in subsoil zones of arid to semi-arid regions in the western USA and is 
72 presumed to have accumulated throughout the Holocene (Walvoord et al., 2003). In these regions, 
73 integration of the NO3--N profiles from 1 m to the maximum depth sampled (10 to 30 m) yielded 
74 subsoil NO3--N inventories varying from 30 to 13600 kg N ha-1. The large NO3--N inventories were 
75 ascribed to the environmental conditions of desert subsoils. The scarcities of organic matter, 76 microbial populations and water content in desert subsoils produce aerobic conditions, promote 77 NO3--N stability and inhibit denitrification.
78 In contrast, in humid regions (> 800 mm of rainfall), where highly weathered soils are widely 
79 distributed and often receive substantial N fertilizers and atmospheric deposition (Guo et al., 2010; 
80 Wang et al., 2017), the extent to which NO3--N accumulates in the deep regolith is seldom reported. 
81 The previously assumed low nitrification rates (De Boer and Kowalchuk, 2001; Li et al., 2018; 
82 Zhang et al., 2018) and potentially large N losses by severe erosion and runoff of acidic soils (Zhao 
83 et al., 2013; FAO and ITPS, 2015) suggest that NO3--N in minimal amounts accumulates in red 
84 soils. However, a recent modelling study estimated a potentially large nitrate accumulation in the 
85 vadose zone across the world (Ascott et al., 2017), though no model validation was given regarding 
86 potential nitrate accumulation in specifically humid (sub)tropics. Furthermore, recent evidence 
87 confirming that nitrification can occur in acidic soils (He et al., 2012; Li et al., 2018) implied that 
88 nitrate accumulation may be present in these soil profiles. Therefore, quantification of nitrate storage 89	in the deep regolith in such environment is important and could account for a missing part of the 
90 terrestrial N budget (Ascott et al., 2016). More experimental observations are needed to test whether 
91 or not NO3--N accumulates in the regolith of highly weathered soils in humid regions. Although 
92 rainfall, fertilization, land use and denitrification processes were shown to determine NO3--N 
93 accumulation in arid to semi-humid regions, we still know little about how NO3--N moves 
94 downward and accumulates in porous regolith, especially in a humid and warm environment. 
95 Although the structure, especially pore structure, of the regolith plays a key role in determining 
96 infiltration and redistribution of water and dissolved N, the relationship between NO3--N 97 accumulation and regolith porosity is largely unexplored.
98 While DON leaching losses from agricultural systems have been studied for more than a century, 
99 most studies have not determined leaching as a major cause of all N losses (van Kessel et al., 2009; 
100 Lawes et al., 1881). The DON fraction notably contributes to N leaching losses from forest 
101 ecosystems (Qualls et al., 2000; Perakis et al., 2002), and may be an important part of all N losses 
102 from agricultural systems (Murphy et al., 2000). Compared to NO3--N, DON leaching in agricultural 
103 soils remains much less understood and has received scant attention. Loss of DON by leaching from 
104 a diverse set of agricultural systems with soil texture ranging from sandy to clay in Europe, USA, 
105 Australia, Brazil and Thailand was 12.7 kg N ha-1 yr-1 on average and was estimated to be 
106 approximately one-third of the losses of NO3--N (van Kessel et al., 2009). To our knowledge, it is 107 unclear how DON leaches and accumulates in the red-soil regoliths in China.
108 The aims of this study were to investigate whether or not dissolved N accumulates at depth in the 
109 red-soil regolith under different land uses in humid regions of China, and attempt to relate regolith 
110 porosity to dissolved N accumulation. We hypothesized that dissolved N accumulation is present at 111	depth in the regolith and differs among land uses in humid regions.
112
113 2.	Materials and methods
114 2.1. Field site description
115 The study sites were located in the Sunjia Red Soil Critical Zone Observatory (CZO), 4 km from 
116 the Ecological Experimental Station of Red Soil, Chinese Academy of Sciences (28°15′N, 
117 116°55′E), Jiangxi Province, China. The CZO is a 50-ha watershed and has been established 
118 according to CZO protocol (Chorover et al., 2015) by installing comprehensive field observation 
119 instruments. The main land uses in the CZO includes upland (rain-fed crop land), paddy fields and 120 woodland (Fig. 1a). Peanut (Arachis hypogaea) was the main crop in the upland except for the long121 abandoned upland area associated with drilling site #2 (Fig. 1a and Table 1) with grasses including 
122 Bermuda grass (Cynodon dactylon), goosegrass (Eleusine indica), green spurge (Euphorbia esula) 
123 and horseweed (Erigeron canadensis) present. The paddy fields had a double-rice (Oryza sativa L.) 
124 cropping system and were either young paddy fields that have been cultivated for about 20 years or 
125 old paddy fields that have been cultivated for more than 100 years. The main tree species in the 
126 woodland area were camphor (Cinnamomum camphora) and masson pine (Pinus massoniana) that 
127 were older than 30 years. The CZO has a subtropical monsoon climate with a mean annual 
128 temperature of 17.8 oC, mean annual precipitation of 1795 mm and mean annual potential 
129 evapotranspiration of 1229 mm (1954–1999) (Gao et al., 2016). The CZO is developed from 130 Quaternary red clay and weathered Cretaceous sandstone underlain by sandstone bedrock.
131 2.2. Drilling, sampling and monitoring
132 Drilling was conducted at the Red Soil CZO by the local geological survey group of Jiangxi using 133	a hydraulic rotary drill fitted with diamond-impregnated drill bits (130 mm diameter). Eight 
134 boreholes covered different land uses including cultivated upland (#1, #4, #5 and #8), long135 abandoned upland (#2), young paddy field (#3), old paddy field (#7) and woodland (#6) (Fig. 1a 
136 and Table 1). The longitude and latitude data, slope positions, elevations and borehole depths of the 
137 eight boreholes are listed in Table 1. Drilling for sites #1 to #5 and sites #6 to #8 was carried out in 
138 April and November 2016, respectively. Due to expense, drilling was conducted in limited locations, 
139 especially in the paddy field with the heavy equipment, and thus more drillings were conducted on 
140 the upland accounting for 47% of the total area of the CZO. Nitrate N was expected to most greatly 
141 accumulate in the upland among studied land uses when considering strong denitrification and 
142 ammonia volatilization in the paddy field and no direct fertilizer N inputs in the woodland. Therefore, 143 there were four replicate drillings for the upland and no replication in paddy field and woodland. 
144 The drill core samples were collected from a depth of about 1 m to the depths of the underlying 
145 bedrock. Core samples were divided into smaller intervals of about 20 cm in length. The drilling 
146 sites and observations are summarized in Table 1. Samples from 0 to about 1 m were collected from 
147 hand-dug soil pits because the unconsolidated material at these depths was easily fractured and fell 
148 out of the drill core tube. Samples from the soil pits were collected at approximately 10-cm intervals. 
149 The Quaternary red clay, weathered products of sandstone, and sandstone bedrock samples were 
150 cleaned by removing the outer layer to a depth of 1 cm in order to prevent contamination during 
151 drilling, and were kept in an ice-filled cooler after collection in the field and during transportation 152	to the laboratory. Photographs of undisturbed regolith core samples are presented in Fig. 1c to 1e. 
153 Each sample was subsampled for air-dried and field-moist samples for different physicochemical 
154 property measurements. For micro-Computed Tomography (μ-CT) scanning and bulk density 155	measurements, undisturbed regolith samples were obtained using polyvinyl chloride tubes, 5 cm in 
156 diameter by 5 cm long, in the 1-m deep soil pits. Below 1 m, the regolith core was cut into blocks 
157 of size with a few centimetres in three dimensions (Table S1) for μ-CT scanning and bulk density 
158 measurements.
159 During January to December 2017, shallow groundwater samples in the 4- to 6-m depth range 
160 were collected twice a month for nitrate N measurements from a well set near to drilling site #5, and 
161 were frozen before nitrate analysis. At the well, the groundwater table was monitored by a HOBO 162 water level data logger (Onset Computer Corporation, USA) at 30-min intervals.
163 2.3. Physicochemical analyses
164 Regolith samples were air-dried, ground in an agate mortar with a pestle, sieved through nylon 
165 meshes with pore sizes of 2 mm and 0.15 mm, and used for pH, total organic carbon (TOC) and 
166 total N (TN) analyses. Field-moist samples were used for measurements of moisture, dissolved 
167 organic carbon (DOC), dissolved total N (DTN), nitrate N (NO3--N) and ammonium N (NH4+-N). 
168 Sample pHH2O was measured in an aqueous suspension (1:2.5 w/v). The TOC and TN analyses were 
169 conducted by titration after K2Cr2SO7-H2SO4 digestion and a correction factor of 1.08 was used for 
170 TOC calculation. The C/N ratios were calculated based on measured TOC and TN concentrations. 
171 Moisture was determined by drying at 105 oC for 8 h. The DOC concentration, extracted with 0.5 
172 M K2SO4 (1:5 w/v), was measured with a TOC/TN analyzer (multi N/C® 3100, Analytik Jena, 
173 Germany) (Jones and Willett, 2006). The DTN, NO3--N and NH4+-N concentrations, extracted with 
174 2 M KCl (1:10 w/v), were measured with a Continuous Flow Analyzer (San++ System, Skalar, The 
175 Netherlands) (Jones and Willett, 2006). The DON concentration was calculated as the difference 
176 between the DTN and dissolved inorganic N (NO3--N and NH4+-N) concentrations. The 177	groundwater samples were filtered through quantitative filter paper and then nitrate N concentration 
178 in the groundwater was measured with the Continuous Flow Analyzer. Bulk density of undisturbed 
179 regolith samples was determined using an oven-drying method and a wax-coating method (Peng et 
180 al., 2003) and used to calculate the volumetric inventory of dissolved N. Bulk density results are 181 shown in Fig. S1.
182 Quality control for TOC and TN measurements was through analysis of certified reference 
183 materials for agricultural soils (GBW07414 and GBW07415) (Institute of Geophysical and 
184 Geochemical Exploration, Chinese Academy of Geological Sciences). Quality control for DTN, 
185 NO3--N, NH4+-N and DOC analyses was by analysis of certified reference materials for water (GSB 
186 07-3168-2014, GSB 07-3166-2014, GSB 07-3164-2014, GSB 07-1967-2005) (Institute for 
187 Environmental Reference Materials, Ministry of Environmental Protection of China). Measured 
188 data from the reference materials were within 5% of the certified values. Detection limits of analyses 
189 were 0.07 g kg-1 for TOC, 0.01 g kg-1 for TN, < 0.04 mg L-1 for DTN, 0.015 mg L-1 for NO3--N, 190 0.046 mg L-1 for NH4+-N, and 0.4 mg L-1 for DOC.
191 2.4. Quantification of total porosity and macroporosity of regolith
192 Total porosity was estimated from the measured bulk density and particle density of the regolith 
193 using the equation below: total porosity (%) = (1 - BD / ρ) × 100, where BD was the measured bulk 
194 density (Fig. S1) and ρ was the particle density of the regolith solids which was assumed to be 2.65 
195 g cm-3.
196 Macroporosity of the regolith was quantified using μ-CT by the following procedure. Undisturbed 
197 regolith samples were scanned using an industrial Phoenix Nanotom X-ray μ-CT (GE, Sensing and 
198 Inspection Technologies, GmbH, Wunstorf, Germany). Samples were scanned at a voltage of 110 199	kV and a current of 100 μA, and the beam-hardening effect was reduced with a 0.2-mm Cu filter. 
200 Reconstruction was performed using the Datos|x 2.0 software (GE, Sensing and Inspection 
201 Technologies, GmbH, Wunstorf, Germany) using the filtered back-projection algorithm. Each voxel 
202 in the generated slices represented a volume of 25 × 25 × 25 μm3. Image processing and visualization 
203 were performed using the open-source software ImageJ 1.50i (Rasband, 2013). A representative 
204 region was selected from the central part of the samples to avoid artefacts at the boundary region 
205 caused by sampling. A three-dimensional median filter was used to reduce noise before image 
206 segmentation. The global threshold method was used to segment regolith pores and solids and the 
207 threshold values were chosen based on visual observation. Macroporosity was calculated as the 
208 percentage of macropore (> 25 μm) volume in the total volume of the selected representative region. 
209 The sample sizes of the selected representative region are listed in the supplementary data (Table 210 S1). Pore-size distribution was calculated using the BoneJ Thickness in ImageJ (Doube et al., 2010).
211 2.5. Statistical analyses
212 Analysis of variance was employed to analyze the statistical significance of physicochemical 
213 properties, dissolved N concentrations, total porosity, macroporosity, and the upland soil N 
214 inventories. Multiple comparisons of the mean from the above data were performed using Duncan's 215 multiple range test, and differences were considered significant at p < 0.05.
216
217 3.	Results
218 3.1. Stratigraphy of the Red Soil Critical Zone
219 The stratigraphy of the Critical Zone consisted of reticulate red clay between uniform red clay 
220 and weathered sandstone (Fig. 1b), with the regolith thickness as a whole varying between 3.5 and 221	9.0 m depending on slope position within different land uses (Table 1). The uniform (0.12 to 1.95 
222 m) and reticulate (1.68 to 6.25 m) red clay together comprised the Quaternary red clay with a 223 thickness of 1.8 to 8.2 m. The weathered sandstone formed a 1.0- to 2.1-m thick layer. 
224 Variations in TOC, TN, C/N, DOC, pH and moisture content with depth are summarised in Fig. 
225 2. Under the different land uses (upland, woodland, and young and old paddy fields), TOC and TN 
226 concentrations significantly decreased to less than 2.0 and 0.4 g kg -1, respectively, at depths greater 
227 than 1.0 m (p < 0.01). The C/N ratios changed from 12.4 to 2.0 with depth. The DOC concentration 
228 showed a similar pattern to that of TOC, but DOC concentrations were two orders of magnitude 
229 smaller than those of TOC. The regolith pH varied from 4.1 to 5.8 with depth under different land 
230 uses. The pH significantly differed in the order of old paddy field > young paddy field > woodland > 
231 upland in the 0- to 4-m depth interval (p < 0.01), and in the order of old paddy field > woodland > 
232 young paddy field or upland beneath 4 m (p < 0.01). Moisture content was greater than 20% at 233 almost all depths.
234 3.2. Dissolved N concentrations through the regolith among land uses
235 Different depth patterns for NO3--N, NH4+-N and DON concentrations in the upland, woodland 
236 and paddy field regoliths are shown in Fig. 3. For upland regoliths, the NO3--N concentration was 
237 nearly constant with depth in most cases in the top 1 m, whereas the NO3--N concentration 
238 significantly increased in the 1- to 3- or 4-m depth interval (p < 0.01). The maximum NO3--N 239 concentration was 26 mg kg-1 at a depth of 1.9 m in the upland regolith. Unlike NO3--N, the NH4+240 N concentration quickly reduced to 1.9 ± 0.9 mg kg-1 (mean ± standard deviation) with depth or 
241 remained almost invariable in the upland regoliths. The trends of inorganic dissolved N with depth 
242 were similar between the upland and woodland regoliths. In the upland regoliths (#1, #4, #5 and 243	#8), DON concentration significantly decreased in the top 1 m (p < 0.01) then increased, whereas 
244 in the woodland regolith, DON concentration significantly decreased from the 0- to 4-m depth to 245 below 4 m (p < 0.01).
246 The paddy field regoliths had different profiles of dissolved N compared to those in the upland 
247 and woodland regoliths (Fig. 3). In the young paddy fields, NO3--N and NH4+-N concentrations 
248 were relatively constant at 1.6 ± 0.8 mg kg-1 and 1.5 ± 0.5 mg kg-1, respectively, whereas the DON 
249 concentration significantly decreased with depth (p < 0.01). In the old paddy fields, NO3--N 
250 concentrations significantly decreased to below the detection limit with depth (p < 0.01). In contrast, 
251 NH4+-N and DON concentrations in the old paddy fields significantly decreased in the 0- to 0.7-m 
252 depth interval (p < 0.01), significantly increased in the 0.7- to 0.9-m depth interval (p < 0.01), and 
253 then significantly decreased to be relatively constant at 0.4 ± 0.3 mg kg-1 and 2.3 ± 1.6 mg kg-1, 254 respectively, in the 0.9- to 5.0-m depth interval (p < 0.01).
255 Nitrate N concentrations on average in the upland regoliths (#1, #4, #5 and #8) in the 1- to 4-m 
256 depth were significantly greater than those in the other land uses (p < 0.01). Nitrate N concentrations 
257 on average in the woodland regolith in the 1- to 4-m depth were significantly greater than those in 
258 the paddy field (p < 0.01). Dissolved organic N concentrations on average under woodland and old 
259 paddy field in the 0- to 4-m depth were significantly greater than those of upland and young paddy 
260 fields (p < 0.01). There was no difference in NH4+-N concentration among land uses except the 261 difference between old paddy field and woodland.
262 3.3. Dissolved N inventories through the regolith among land uses
263 Integration of the dissolved N profiles from soil surface to the bedrock allowed NO3--N, NH4+-N 
264 and DON inventories to be calculated (Fig. 4a). In upland regoliths (#1, #4, #5 and 8#), the soil 265	NO3--N inventory significantly increased from 67 ± 52 kg N ha-1 for the top 1 m to 827 ± 97 kg N 
266 ha-1 for > 1 m (p < 0.01). The NO3--N inventory beneath 1 m accounted for 92%, on average, of the 
267 entire NO3--N inventory, except for the long-abandoned upland (#2). The soil DON inventory 
268 significantly increased from 119 ± 58 kg N ha-1 for the top 1 m to 521 ± 153 kg N ha-1 for > 1 m, 269 and the inventory beneath 1 m accounted for 82%, on average, of the total (p < 0.01). The soil NH4+270 N inventory significantly increased from 49 ± 31 kg N ha-1 for the top 1 m to 158 ± 77 kg N ha-1 for 
271 > 1 m, and the inventory beneath 1 m accounted for 76%, on average, of the total (p = 0.04). There 
272 was no difference among the three dissolved N inventories for the top 1 m (p = 0.16), whereas 
273 dissolved N inventories significantly decreased in the order of NO3--N > DON > NH4+-N for > 1 m 
274 (p < 0.01). Soil inventories of NO3--N, DON and NH4+-N accounted for 56, 34 and 10%, 
275 respectively, of the total beneath 1 m, and accounted for 52, 36 and 12%, respectively, of the total 276 throughout the regolith.
277 In woodland regolith, the soil NO3--N inventory numerically increased from 23 kg N ha-1 for the 
278 top 1 m to 283 kg N ha-1 for > 1 m, and the inventory below 1 m accounted for 92% of the total. The 
279 soil DON inventory numerically increased from 228 kg N ha-1 for the top 1 m to 820 kg N ha-1 for > 
280 1 m, and the inventory beneath 1 m accounted for 78% of the total. The soil NH4+-N inventory 
281 numerically increased from 19 kg N ha-1 for the top 1 m to 93 kg N ha-1 for > 1 m, and the inventory 282 beneath 1 m accounted for 92% of the total.
283 A similar pattern to that of NH4+-N in the woodland regolith in the top 1 m and beneath 1 m 
284 occurred for the three types of dissolved N in the young paddy field regolith. In the old paddy field 
285 regolith, the soil NO3--N inventory was 18 kg N ha-1 for the top 1 m and less than the detection limit 
286 for > 1 m. The soil DON inventory numerically decreased from 339 kg N ha-1 for the top 1 m to 168 287 kg N ha-1 for > 1 m. The soil NH4+-N inventory numerically decreased from 68 kg N ha-1 for the top 288 1 m to 36 kg N ha-1 for > 1 m.
289 Different depth patterns for NO3--N, NH4+-N and DON inventories at 1-m depth intervals of 
290 upland regoliths (#1, #4, #5 and #8) were presented in Fig. 4b. Nitrate N significantly accumulated 
291 in the subsoil in the 1- to 4-m depth (p < 0.01), while the inventory (632 ± 75 kg N ha-1) in the 3-m 
292 zone accounted for 71% of the total. Dissolved organic N significantly accumulated in the subsoil 
293 in the 0- to 3-m depth (p < 0.01), while the inventory (408 ± 75 kg N ha-1) in the 3-m zone accounted 
294 for 64% of the total. There was no significant accumulation of NH4+-N at depth in the upland 295 regolith (p = 0.35).
296 3.4. Porosity through the regolith among land uses
297 In general, total porosity showed a sigmoid curve with depth among land use regoliths (Fig. 5). 
298 Total porosity varied from 34 to 64% among land use regoliths. Total porosity significantly 
299 decreased with depth when the zone changed from uniform to reticulate red clay, significantly 
300 increased with depth at the transition zone from reticulate red clay to weathered sandstone, and then 
301 significantly decreased with depth at the transition zone from weathered sandstone to sandstone 302 bedrock (p < 0.01). 
303 Macroporosity in the woodland regolith was significantly greater than that in the upland and old 304 paddy field regoliths at depths shallower than 3.1 m (p < 0.01) (Fig. 6a and Fig. S2-S5). 
305 Macroporosity for the different regoliths was typically less than 0.2% at depths below 3.1 m. The 
306 macroporosity of the upland regolith increased at depths of 2.5 to 3.1 m and 5.6 to 7.0 m due to 
307 either the presence of root-like cylindrical pores or the change of parent materials from Quaternary 
308 red clay to the loose weathered sandstone material (Fig. S2-S3). The macroporosity of the woodland 309	regolith varied from 2.0 to 4.7% in the top 2.4 m then significantly decreased at greater depths to an 
310 average of 0.14% (p < 0.01). The macroporosity of the old paddy field regolith significantly 
311 decreased to approximately zero from the surface to a depth of 0.7 m (p < 0.01). Pore-size 
312 distributions were only calculated when macroporosity was greater than 0.4% (Fig. 6b-d). More 
313 than 86% of the macroporosity was present as pores < 0.425 mm in the upland regolith, and < 0.525 
314 mm for the surface and < 0.325 mm for the subsurface samples in the woodland regolith. More than 
315 91% of the macroporosity was present as pores < 0.225 mm for the two surface samples in the old 
316 paddy field, while more than 80% of the macroporosity was present as pores < 0.325 mm for the 317 subsurface samples.
318
319 4.	Discussion
320 4.1. Differences in NO3--N accumulation mechanisms among land uses
321 Whereas 67 ± 52 kg ha-1 NO3--N was determined in the upland regolith in the top 1 m in the Red 
322 Soil CZO, below 1 m the inventory was 827 ± 97 kg N ha-1. Up to 12 times more NO3--N may be 
323 present below 1 than above 1 m. This study provided evidence of significant NO3--N accumulation 324 in upland regoliths (#1, #4, #5 and #8) in the 1- to 4-m depth interval (p < 0.01). The similar NO3-325 N accumulation pattern between the deep sampling in April (#1, #4, and #5) and November (#8) 
326 2016 indicated that the accumulated NO3--N was not transient over at least seven months. Nitrate N 
327 accumulation in humid regions has previously been ignored, possibly due to formerly assumed low 
328 nitrification rates (Li et al., 2018; Zhang et al., 2018) and the potentially large N losses by severe 
329 erosion and surface runoff (Zhao et al., 2013) from red soils with pH less than 5.5 and where urea 
330 was the main N fertilizer. The NH4+-N concentration in the upland regolith was small and was 1.9 331	± 0.9 mg kg-1, with a few exceptions (Fig. 3). Nitrogen losses from ammonia volatilization and 
332 denitrification from an upland red soil in Hunan Province, which is adjacent to Jiangxi Province, 
333 were shown to be 1.1 to 4.2% and 0.5 to 1.0% of applied synthetic N fertilizer, respectively (Huang 
334 et al., 2017). It was previously assumed that nitrification rates were low in acidic soils since the 
335 availability of the ammonia substrate for ammonia monoxygenase enzyme of ammonia-oxidizing 
336 bacteria (AOB) would be limited and AOB were unable to oxidize ammonium in an inorganic liquid 
337 medium with pH less than 5.5 (De Boer and Kowalchuk, 2001; Li et al., 2018). However, more 
338 recent studies have confirmed that nitrification can occur in soils at pH as low as 3.0 (De Boer and 
339 Kowalchuk, 2001; He et al., 2012). The discovery of ammonia monooxygenase in uncultured 
340 archaea that were functionally active at low pH pointed to ammonia-oxidizing archaea (AOA) that 
341 might be responsible for nitrification in the wider range of acidic soils (He et al., 2012; Li et al., 
342 2018). Therefore, in this study, overuse of N fertilizer could result in continuous formation and 343 accumulation of NO3--N in upland red soils.
344 In the Red Soil CZO, the accumulated NO3--N is easily leachable to the subsoil because of 
345 intensive rainfall, which often exceeds 200 mm per month in the wet season (March to June) and 
346 accounts for about 50% of the annual total rainfall (Zepp et al., 2005; Tahir et al., 2016). This partly 
347 explains how NO3--N has accumulated at depth in the upland regolith. However, NO3--N also 
348 accumulated at depth in the woodland regolith, though to a lesser extent than for the cultivated 
349 upland, except for upland drill site #2 at the top slope, which received N mainly from natural sources 
350 according to a survey of local farmers. The natural sources of N that the woodland receives include 
351 atmospheric deposition and biological N fixation. The woodland receives no direct fertilizer N 
352 inputs, but the woodland at the toe slope is located at an elevation several metres lower than the 353	surrounding cultivated uplands (Table 1 and Fig. 1), and thus likely receives fertilizer-sourced N 
354 through runoff. Consequently, the N coming from surrounding uplands could intensify NO3--N 355 accumulation at depth in the woodland regolith.
356 Compared with upland red soils, denitrification in paddy soils was intensive, whereas NO3--N 
357 leaching was minimal (Ju et al., 2009). In paddy soils in the Taihu region where the climate is humid, 
358 N fates of applied fertilizer N in soils over the rice-growing season were reported to be about 36% 
359 of applied fertilizer N by denitrification, 12% by ammonia volatilization, 0.3% by leaching, 30% by 
360 plant uptake and 22% by soil retention in the 1-m depth (Ju et al., 2009). Hence, strong 
361 denitrification and ammonia volatilization in paddy soils may lead to less accumulation of NO3--N 362 below paddy fields than below uplands.
363 4.2. Role of porosity in NO3--N accumulation at depth in the regolith
364 Pores, including micropores and macropores, in the regolith are the spaces for storing water and 
365 air, and macropores may result in preferential flow and thus are important pathways of water and 
366 solute movement (Zhang et al., 2016). Fig. 6e and Fig. 6f present both total porosity, macroporosity 
367 and NO3--N concentrations for typical upland (#1, #8) and woodland (#6) profiles, respectively. 
368 Nitrate N accumulated at depth in the upland and woodland regoliths likely due to the relatively 
369 large abundance of water-conducting macroporosity at depths shallower than about 3 m, which was 
370 then rapidly replaced by far lower macroporosity below 3 m, which limited water penetration. The 
371 significant decrease of total porosity with depth in the 0- to 3-m depth interval of the upland and 
372 woodland regoliths may also limit nitrate N movement at depth. Although macroporosity was low 
373 below 3 m for upland regoliths (#1 and #8), 464 ± 80 kg N ha-1 for NO3--N were still present, 
374 suggesting that microporosity plays a role in slow, but steady NO3--N leaching.
375 4.3. Comparisons of NO3--N inventories across arid to humid regions
376 Published NO3--N inventories in the top 1 m and subsurface (< 1 m) soils of arid to semi-humid 
377 regions were compared with those from this study for a humid region in China. The NO3--N 
378 inventories on average for the top 4 m in four upland regoliths (#1, #4, #5 and #8) with the peanut 
379 cropping system were measured to be 691 ± 19 kg N ha-1.This value was greater than that for wheat 
380 croplands (453 ± 39 kg N ha-1), comparable to that of maize croplands (749 ± 39 kg N ha-1) and 
381 lower than that for vegetables and orchards (1191 to 2155 kg N ha-1) for regoliths in semi-humid 382 areas of China measured over the same depth (Zhou et al., 2016). These results suggest that NO3-383 N accumulation in these intensive croplands may be widespread. About 70% of NO3--N was stored 
384 in the subsoils in the 1- to 4-m depth interval of the semi-humid areas of China (Zhou et al., 2016), 
385 while 92% of NO3--N was stored in the subsoils in the 1- to 8-m depth interval in this study. These 
386 data indicate that the subsoil zone may be an important sink of nitrate globally. Nitrate N inventories 
387 from a depth of 1 m to bedrock were 283 kg N ha-1 for woodland (#6) and 169 kg N ha-1 for upland 
388 (drill site #2) compared to the 30 to 13,600 kg N ha-1 reported for regolith from a depth of 1 m to 
389 the maximum depth (10 to 30 m) sampled in semiarid-to-arid desert soil sites in the western United 
390 States. The NO3--N inventories in this study were smaller than those in the desert subsoils in most 
391 cases. This may be due to the long-term accumulation of naturally sourced NO3--N throughout the 
392 Holocene and the slow leaching in the desert soils, together with the fast leaching of NO3--N to 393 shallow groundwater under the large rainfall experienced in our studied area.
394 4.4. Threats of NO3--N to groundwater
395 Subsoil NO3--N reservoirs may adversely affect groundwater quality due to leaching (Reynolds396 Vargas et al., 1994, 2006; Reynolds-Vargas and Richter, 1995). Large nitrate levels in drinking 397	water can pose long-term threats to public health and increase risks for methemoglobinemia, birth 
398 defects and certain cancers (Ward et al., 1996, 2005, 2010; Knobeloch et al., 2000; Brender et al., 
399 2013). Based on groundwater observations in 2017, the median concentration of NO3--N and the 
400 depth of the water table of the Red Soil CZO groundwater were measured to be 6.5 mg NO3--N L-1 
401 and usually in the 4- to 6-m depth interval, respectively. When considering the large NO3--N 
402 inventories in the 1-to 4-m depth interval and shallow groundwater, it is important to integrate N 
403 nutrient management for food security and environmental quality. Furthermore, nitrate can persist 
404 in the groundwater and possibly in the deep regolith for decades, and risks of nitrate movement to 
405 groundwater could exist for a long time even if N fertilizer is not over-applied to soils (Exner et al., 
406 2014). These issues may not only be serious in our studied CZO, in which the regolith is mainly 
407 comprised of Quaternary red clay, but may also have a great significance in other humid regions 
408 where similar parent material is widely distributed in the middle and lower reaches of the Yangtze 
409 River (Hu et al., 2010). The possible NO3--N accumulation in the upland red soil regoliths derived 410 from other bedrock types, including granite and basalt, in humid regions should also be investigated.
411
412 5.	Conclusions
413 For the first time, NO3--N and DON accumulation were reported in the deep regolith of red soil 
414 under upland and woodland land uses in a humid region in China. Land use types under different 
415 amounts of N inputs and water regimes strongly affected reactive N inventories at depth in the 
416 typical red soil Critical Zone. Neglecting large stocks of NO3--N and DON at depth in the Critical 
417 Zone may greatly underestimate N inventories and potential risks of reactive N to groundwater. 
418 Regolith macropores (> 25 μm) most likely contributed to nitrate leaching through the regolith, 419	while low permeability of the deep regolith likely contributed to the accumulation of nitrate.
420
421 Appendix A. Supplementary data
422 Supplementary data related to this article can be found online.
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570 Table and Figure Captions
571 Table 1 Summary of drilling sites and observed horizons in the red soil Critical Zone.
572 Fig. 1. Land uses map of the Red Soil Critical Zone Observatory with eight drilling sites (a), digital 
573 elevation model map with schematic diagram of the stratigraphy determined on drill core samples 
574 (b), and photographs of undisturbed cores of #6 woodland (c), #8 upland (d) and #7 old paddy field 575 (e) regoliths.
576 Fig. 2. Selected properties of the regoliths among land uses. Error bars represent the standard 577 deviation of the mean.
578 Fig. 3. Dissolved N concentrations through the whole regolith in the upland, woodland and paddy 579 field land uses. Error bars represent the standard deviation of the mean.
580 Fig. 4. Comparison of dissolved N inventories at depths between 0-1 m and below 1 m to bedrock 
581 under different land uses (a), dissolved N inventories at 1-m depth intervals of upland regoliths (#1, 582 #4, #5 and #8) (b). Error bars represent the standard deviation of the mean.
583	Fig. 5. Total porosity through the whole regoliths in the upland (a-e), woodland (f) and paddy field 584	(g and h) land uses.
585 Fig. 6. Total macroporosity (a), pore-size distribution (b-d) and the relationship between porosity 
586 and NO3--N concentrations (e and f) in the regolith among land uses.
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587 Table 1
588 Summary of drilling sites and observed horizons in the red soil Critical Zone.

	Boreholes	Latitude 	Longitude 	Land uses	Slope 	Elevation 	Borehole 	Quaternary red clay (m)	Sandstone (m)
	
	(N)
	(E)
	
	position
	(m)
	depth (m)
	uniform red clay
	reticulate red clay
	weathered horizon
	bedrock

	#1
	28.2364o
	116.8954o
	upland
	middle
	50.3
	10.40
	0–0.70
	0.70–6.20
	6.20–8.00
	8.00–>10.40

	#2
	28.2377o
	116.8978o
	upland
	top
	50.7
	4.20
	0–0.12
	0.12–1.80
	1.80–3.49
	3.49–>4.20

	#3
	28.2339o
	116.9008o
	young paddy field
	middle
	47.5
	8.50
	0–1.20
	1.20–5.20
	5.20–7.30
	7.30–>8.50

	#4
	28.2368o
	116.9014o
	upland
	middle
	49.5
	8.25
	0–0.60
	0.60–4.50
	4.50–5.95
	5.95–>8.25

	#5
	28.2350o
	116.8992o
	upland
	middle
	48.0
	7.10
	0–1.40
	1.40–6.10
	6.10–7.10
	>7.10

	#6
	28.2326o
	116.8971o
	woodland
	toe
	45.4
	30.00
	0–1.95
	1.95–8.20
	8.20–9.00
	9.00–>30.00

	#7
	28.2334o
	116.8983o
	old paddy field
	toe
	42.2
	30.10
	0–0.90
	0.90–2.90
	2.90–5.00
	5.00–>30.10

	#8
	28.2362o
	116.8955o
	upland
	middle
	50.0
	15.80
	0–0.70
	0.70–6.00
	6.00–7.60
	7.60–>15.80
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593 Fig. 1. Land uses map of the Red Soil Critical Zone Observatory with eight drilling sites (a), digital 
594 elevation model map with schematic diagram of the stratigraphy determined on drill core samples 
595 (b), and photographs of undisturbed cores of #6 woodland (c), #8 upland (d) and #7 old paddy field 
596 (e) regoliths.
597
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601 Fig. 2. Selected properties of the regoliths among land uses. Error bars represent the standard 602 deviation of the mean.
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607 Fig. 3. Dissolved N concentrations through the whole regolith in the upland, woodland and paddy 608 field land uses. Error bars represent the standard deviation of the mean.
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611 Fig. 4. Comparison of dissolved N inventories at depths between 0-1 m and below 1 m to bedrock 
612 under different land uses (a), dissolved N inventories at 1-m depth intervals of upland regoliths (#1, 
613 #4, #5 and #8) (b). Error bars represent the standard deviation of the mean.
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618	Fig. 5. Total porosity through the whole regoliths in the upland (a-e), woodland (f) and paddy field 619	(g and h) land uses.
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623 Fig. 6. Total macroporosity (a), pore-size distribution (b-d) and the relationship between porosity 624 and NO3--N concentrations (e and f) in the regolith among land uses.
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634 Description of supplementary data
635 Table S1. Sample sizes of the undisturbed regolith cores used for μ-CT analysis.
636 Fig. S1. Bulk density through the whole regoliths with land uses of upland (a-e), woodland (f) and 637 paddy field (g and h).
638 Fig. S2. 3D morphology of undisturbed cores of upland regolith (#1). The white is the pores and the 639 green is the solids.
640 Fig. S3. 3D morphology of undisturbed cores of upland regolith (#8). The white is the pores and the 641 green is the solids.
642 Fig. S4. 3D morphology of undisturbed cores of woodland regolith (#6). The white is the pores and 643 the green is the solids.
644 Fig. S5. 3D morphology of undisturbed cores of old paddy field regolith (#7). The white is the pores 
645 and the green is the solids.
647	Table S1. Sample sizes of the undisturbed regolith cores used for μ-CT analysis.
	Land uses
	Depth (cm)
	Sample sizes

	
	
	x (mm)
	y (mm)
	z (mm)

	upland #1
	0-10
	30.00 
	24.00 
	46.00 

	
	60-70
	32.32 
	24.75 
	27.50 

	
	110-120
	32.32 
	26.40 
	28.35 

	
	180-200
	14.50 
	14.40 
	4.66 

	
	290-310
	14.83 
	9.84 
	17.28 

	
	390-410
	9.92 
	9.70 
	6.24 

	
	560-580
	13.30 
	7.01 
	21.60 

	
	680-700
	13.41 
	13.02 
	11.82 

	
	740-760
	13.60 
	12.19 
	12.30 

	upland #8
	185-200
	27.00 
	17.00 
	10.00 

	
	200-230
	8.92 
	6.75 
	23.00 

	
	230-250
	15.00 
	15.00 
	11.50 

	
	250-270
	15.50 
	12.50 
	14.00 

	
	270-290
	12.68 
	9.75 
	15.00 

	
	310-330
	27.30 
	27.30 
	32.50 

	
	350-370
	20.00 
	20.00 
	31.25 

	
	370-390
	20.00 
	16.00 
	10.50 

	
	410-430
	12.00 
	12.00 
	17.50 

	
	450-470
	19.00 
	16.00 
	18.75 

	
	580-600
	12.00 
	35.00 
	10.00 

	
	680-700
	35.00 
	30.00 
	18.00 

	woodland #6
	5-20
	25.88 
	22.58 
	28.00 

	
	30-40
	25.88 
	21.90 
	25.00 

	
	60-70
	24.75 
	20.03 
	25.00 

	
	110-120
	28.42 
	24.53 
	43.75 

	
	153-170
	26.72 
	24.75 
	25.00 

	
	170-180
	24.08 
	30.00 
	26.50 

	
	215-240
	26.62 
	23.40 
	43.23 

	
	380-400
	11.62 
	8.33 
	5.40 

	
	400-450
	21.30 
	20.33 
	15.40 

	
	450-475
	21.60 
	21.83 
	30.50 

	
	475-500
	18.45 
	23.62 
	6.25 

	
	600-625
	21.53 
	21.00 
	12.50 

	
	713-740
	29.03 
	25.58 
	30.35 

	
	800-820
	15.23 
	14.40 
	14.00 

	
	880-900
	30.75 
	27.30 
	20.50 

	old paddy 
	0-10
	33.00 
	26.40 
	28.13 

	field #7
	10-20
	29.50 
	26.50 
	39.50 

	
	20-30
	30.50 
	30.50 
	41.25 

	
	30-40
	34.00 
	30.00 
	42.50 

	
	40-50
	34.50 
	28.00 
	36.75 

	
	50-60
	32.00 
	32.00 
	37.50 

	
	60-70
	26.00 
	23.00 
	28.00 

	
	70-80
	14.48 
	19.28 
	7.50 

	
	150-180
	23.03 
	20.40 
	45.50 

	
	180-210
	23.94 
	30.15 
	59.40 

	
	210-240
	20.33 
	20.03 
	10.50 

	
	240-270
	24.60 
	23.03 
	15.00 

	
	270-290
	24.98 
	12.60 
	7.50 

	
	310-330
	15.00 
	15.00 
	10.00 

	
	330-360
	10.20 
	11.95 
	11.00 

	
	360-400
	26.62 
	25.12 
	18.25 

	
	400-450
	20.70 
	25.05 
	20.00 

	
	450-500
	28.88 
	28.88 
	30.00 


648
649

	a
	
	
	
	Bulk density (g cm-3)
	
	
	b

	
	1.25
	1.30
	1.35
		1.40	1.45	1.50
	1.55
	1.60
	


Bulk density (g cm-3)
	1.3	1.4	1.5	1.6	1.7	1.8	1.9	2.0	2.1	2.2
[image: ][image: ][image: ]Bulk density (g cm-3)
	1.30	1.35	1.40	1.45	1.50	1.55	1.60
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1
48
654 Fig. S1. Bulk density through the whole regoliths with land uses of upland (a-e), woodland (f) and 655 paddy field (g and h).
657	[image: ]
658 Fig. S2. 3D morphology of undisturbed cores of upland regolith (#1). The white is the pores and the 
659 green is the solids.
661	[image: ]
662 Fig. S3. 3D morphology of undisturbed cores of upland regolith (#8). The white is the pores and the 663 green is the solids.
664
665	[image: ]
666 Fig. S4. 3D morphology of undisturbed cores of woodland regolith (#6). The white is the pores and 667 the green is the solids.
668
669	[image: ]
670 Fig. S5. 3D morphology of undisturbed cores of old paddy field regolith (#7). The white is the pores 
671 and the green is the solids.
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