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Soil organic carbon (SOC) is a key component of maintaining favorable soil physical, biological and chemical 
health and ensures the sustainability of agricultural practices. Fe- and Mn-(oxy)hydroxide minerals play an 
importan t role in SOC stabilization and sequestration, as well as nutrient adsorption . To better understand the 
mineral phases responsible for the stabilization and sequestration of SOC, as well as P0 4 3 and N0 3 ; a four-step 
chemical sequential extraction (SE) was applied to soils from eight aglicul tural fields. Our SE scheme targeted 
operationally defined mineral phases namely, water extracta ble (Step 1), reductive dissolution of Mn-(oxy)hy­
droxide (Step 2), reductive dissolution of amorphous Fe-(oxy)hydroxide (Step 3), reductive dissolution of 
crystalline Fe-(oxy)hydroxide (Step 4) and residual minerals. Results showed that SOC was stabilized in the 
following order: crystalline Fe-(oxy)hydroxide > amorphous Fe-(oxy)hydroxide > Mn-(oxy)hydroxide. Fe- and 
Mn-(oxy)hydroxide minerals can promote the stabilization and long-tenn sequestration of SOC via the fonna tion 
of inner sphere complexes (e.g., ligand-exchange) within the mineral surfaces contact zone. Fe- and Mn-(oxy) 
hydroxide minerals adsorbed P0 4 3 species to a large extent; however, N0 3 was adsorbed marginally. Results 
indicate d that P0 4 3 adsorption is largely mediated by Fe- and Mn-(oxy)hydroxide minerals, and N03 by bulk soil 
organic matter. The coupling interaction between SOC, nutrients , and mineral phases in agricultura l soils can 
better inform the application of conservation management practices to fully understand their effect on soil 
chemisny and health . 

1. Introduction 

Opt ima l conte nt of soil organic car bon (SOC) increases nutri ent 
retent ion, catio n exchan ge capacity (CEC), poros ity, an d wate r holdin g 
capac ity, decreases bulk density, an d improves cro p yields an d profits 
for economical agricultur e operatio ns (Helling et al., 1964 ; Reeves, 
1997 ; Sharpley et al. , 2006 ; Turmel et al., 2015 ; Fink et al., 2016a ; 
Moebius -Clune, 2016 ; Bi.inemann et al., 2018 ). For eve ry 1 Mg ha - 1 

increase in the SOC poo l within the rhizosphere , crop yie lds could be 
increased on average by 45 kg ha - 1, 30 kg ha- 1, and 165 kg ha - 1 for 
whea t, rice, and maize , respect ively (Lal, 2006 ). SOC is a key com ponent 
for ma intainin g favorabl e soil ph ysical, b iolog ical and che mical hea lth . 
For instance , a large bioavailable catio n poo l will prom ote heal thy and 
fun ctiona l micro bial, fun gi, and plant comm uniti es (Moebius -Clune, 
2016 ). 
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Research in the last deca des have identifi ed several mechani sms 
involved on SOC sta biliza tion; for insta nce, phys ically stab ilized by 
occlusion in microaggregates, organo -min eral complexes, and bio­
chemi cally stabilize d throu gh th e formation of recalc itrant organic 
compo unds (e .g., humic substances) (Six et al., 2002 ). Al-, Fe-, Mn-(oxy) 
hydroxide minerals (e.g., gibbsite, ferrih yd rit e, goe thit e, Mn0 2) play an 
imp orta nt ro le in SOC stabiliza tion (Lalonde et al., 2012 ; Allard et al., 
2017 ). Und ersta ndin g the min eral ph ases that are respo nsible for SOC 
sta bili zatio n in farm soils is an impo rt ant aspec t of soil healt h. The rate 
an d ex tent of SOC mineralizat ion depends on the soil organic matte r 
(SOM) che mistry an d its' int eraction wi th Al-, Fe-, Mn-(oxy)hy drox ide 
minerals, alu minosilicate clays, as we ll as so il microo rganis m 's diversity 
and its metabolit es (Oades, 1988 ). Vazquez -Ortega et al. (2014) re­
ported high dissolved organi c matte r (DOM) sorp tion onto pr istine Al­
an d Fe-(oxy)hydroxide minera ls under conti nu ous flow- throu gh 
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condition s. Adsorption of organic compounds onto Al-, Fe-, Mn-(oxy) 
hydroxide and alumino silicate clay minera ls via cation brid ging depend 
mainly on bioavailable cations, involving mainly calcium in neutral to 
alkalin e soils and aluminum in acidic soils (Oades, 1988 ; Liitzow et al., 
2006 ). These int erac tions ensue aggregation of clay particles and 
organic compound s that aid in the soil stru cture stabilization (Oades, 
1988 ). Other bonding mechani sms involved in SOM adsorpt ion onto Al-, 
Fe-, Mn-(oxy)hydroxide minerals includ e anion exchan ge, ligand 
exchange-s urface complexatio n, H bonding, van der Waals forces, and 
hydrophobic interactions (Eusterhues et al., 2005 ; von Liitzow et al., 
2006 ; Scheel et al., 2007 ; Joo et al., 2008 ). More generally , negative ly 
char ged organic matt er functiona l groups (e.g., carboxyl and hydroxyl 
moieties) can interac t with positive ly char ged Al-, Fe-, Mn-(oxy)hy­
droxide minerals under adequate soil pH conditi ons; therefore, 
increasing SOM stabilization within the soil (Fink et al., 2016a ). 

Recen t studies have discussed the effect of Al- and Fe-(oxy)hydroxide 
minerals on soil phosphorus (P) sorption capacities in agro-ecosystems 
(Bortoluzzi et al., 2015 ; Fink et al., 2016a, 2016b, 2016c ). Bortoluzzi 
et al. (2015) showe d that the maximum P adsorption capacity signifi­
can tly correlated with the content of Fe-(oxy)hydroxide minerals 
(mainly goethit e). Goethite exerts a disproportionat e effect on P sorp­
tion because of its large specific surface area and the uniform sprea d of 
hydroxyl functional groups (= Fe-OH) (Wei et al., 2014 ). Phosphate 
(PO~- ) bond s strongly with Fe-(oxy)hydroxide minerals via the forma­
tion of inner sphere complexes. PO~- can form monodentate / mono ­
nuclear and bidentate/ binuclear complexes with Fe-(oxy)hydroxide 
minerals (Essington, 2003 ; Sposito, 2008 ). The couplin g interaction 
between SOC and Al-, Fe-, Mn-(oxy)hydroxide minera ls can influence P 
adsorpti on in soils (Fink et al., 2016a ). A tertiary complex can be formed 
between functional groups on the surface of Fe-(oxy)hydroxid e minerals 
and organic compound s, and PO~- species, favoring P sorption (Fink 
et al., 2016a ). PO~- forms a complex via cation bridging with the 
carboxyl functional group in the organic compound. Sorption experi­
ments, using Al-, Fe-, Mn-(oxy)hydroxide minera ls as sorbents, have also 
demonstrated that organ ic compound s can compete witl1 PO~- inhibit ­
ing P sorp tion (Hunt et al ., 2007 ). We sought to evaluat e the extent to 
which couplin g interac tions between SOC and Al-, Fe-, Mn-(oxy)hy­
droxide minerals influence PO~- retention in agricultural soils. Knowl­
edge on these interactions will inform nutri ent man agement programs to 
effectively develop strat egies suita ble for specific crop rotations and soil 
types. 

Agricultura l best mana gement practices (BMPs) are practica l oper ­
ation procedures that are effective in reducing the amount of nonpoint 
contamination and pollutant s leaving an area where the BMPs are 
app lied (EPA, 2020 ). The effect of BMPs (e.g., conserva tional tillage, 
cover crops, rotational crops, and 4R Nutri ent Stewardship) on SOC has 
been emphasized in the previous decades of soil heal th research; how­
ever, the effect of BMPs on Fe- and Mn-(oxy)hydroxide mineral content 
in farm soils is not well understood (Kleinman et al., 2015 ; Sharpley 
et al., 2006; Smith et al., 2015 ). Conservation tillage enhan ces SOC 
stabilization and reduces carbon dioxide emission to tl1e atmosphere 
(Hazarika et al., 2009 ). Inda et al. (2013) reported that when agricul­
tural soils were managed under no-till for 21 years, the content of poorly 
crystall ine iron oxides (e.g., ferrih ydrit e) increase d in the soil surface 
when compared to conventional tillage. A more extensive und erstandin g 
on the couplin g interactions between SOC, redox sensi tive minerals (e. 
g., Fe- and Mn-(oxy)hydroxide) and PO~- in agricultura l soils can better 
inform water management practices, such as dra inage water manage­
ment system (DWMS). 

DWMS can potentia lly affect the content of Fe- and Mn-(oxy)hy­
droxide minerals in farm soils, with potent ial impacts on nutri ent loss. A 
DWMS is an engineered control stru ctur e that is placed at the end of tile 
drainage outlets that carri es subsurface tile wa ter drainage away from 
agricultur al fields. The DWMS ha s the capabilit y of raisin g and lowering 
the outlet eleva tion by the installation of adjust able dams at the main 
tile outlet , which allows farmers to potentiall y hold wate r within the 

root zone. Advantages of DWMS include a reduction in tile discharge 
and reduced loads of nit rogen (N) and P (Williams et al., 2015 ). The 
reduced N and P load s are directly attributed to the decrease in 
discharge rate (Willian1s et al., 2015 ). Soil saturat ed conditions indu ced 
by the placement of DWMS can alter the soil pH, resultin g in shiftin g 
redox condition s (Mansfeldt, 2004 ). Changes in soil pH and redox con­
ditions can alter the soil 's ability to reta in or release organic matter and 
nutri ents. For instance, saturate d conditions (anoxic environm ent) can 
favor me reductive dissolution of Fe- and Mn-(oxy)hydroxide minera ls 
in the subso il, wh ile unsaturat ed conditi ons would create oxic condi ­
tions. This shift in redox conditi ons will favor either the dissolution or 
precipitation of Fe- and Mn-(oxy)hydroxide minerals and in turn , asso­
ciate d SOM and nutri ents will be dissolved in the soil solution or sorbed 
onto the surface of the Fe- and Mn-(oxy)hydroxide minerals (Thompson 
and Goyne, 2012 ). 

Further researc h is needed to fully comprehend the couplin g effect of 
SOC and Fe- and Mn-(oxy)hydroxide minera ls on nutri ent retention in 
farm soils. Understandin g these biogeoc hemical processes will provide 
researchers and farmers with the basic knowledge needed to implement 
efficient strateg ies and mana ge BMPs to minimi ze nutri ent loss into 
waterways and retain bioavaila ble nutri ents for cash crops. Therefore, 
this study aimed to 1) identify operationally defined mineral phases (Fe­
and Mn-(oxy)hydroxide minerals) and their associa ted SOC and P and N 
species via a chemical sequential extraction appro ach, and 2) correlate 
SOC content wim N and P retent ion wimin each targeted operationally 
defined mineral phase. The sequential chemical extraction procedure 
was performed to quantify the mass fraction of SOC and PO~- and NO3 
associated with the wate r extra ctable, Mn-oxide, short range order Fe­
oxide, long range order Fe-oxide, and residual minerals (Land et al., 
1999; Laveuf et al ., 2012 ). 

2. Materials and methods 

2.1 . Study fields 

Data from eight fields located in the Western Lake Erie watershed 
were identified and secured for this study. The fields are part of the 
USDA-ARS edge-of-field network and designed to quantify the effects of 
agricultural production and best man agement prac tices on soil and 
wate r quality (Willian1s et al., 2016 ). Fields 1, 2, 7, and 8 are located in 
shallow soils derived from wave-pla ned ground morain e and lake de­
posits over laying Silurian aged carbonated bedrock (ODNR, 2006 ). 
Their soil series is Hoytv ille-Nappa nee-Pauldin g-Toledo and these soils 
tends to be poorly drain ed (Table Sl, Supplemental Information; USDA­
NRCS, 2017 ). The remaining fields (3, 4, 5, and 6) are located in shallow 
soils composed main ly of lake deposits overlaying Mississippian aged 
sandsto ne, shale and siltstone bedrock (ODNR, 2006 ). Their soil series is 
Bennington-Cardington-Centerburg soil series and these soils tends to 
also be poorly drained (Table Sl). Corn, soybea n and whea t were pro ­
duced on the fields using vario us degrees of tillage practices, includ ing 
no till, conservational tillage and conven tional tillage (Table S2, Sup­
plemental Information ; USDA- NRCS, 2017 ). 

2.2. Sample collection a,1d preparation 

Soil cores were collected in the fall of 2017 at approxi mately one 
location for every two hectares (for example, eight samplin g locatio ns in 
a 16-ha field). At each samplin g location five, one-meter deep cores (or 
depth of resistance) were collected. After collection, the cores were 
shipped to the USDA-ARS Soil Drainage Researc h Unit and stored at 4 °c 
until processing and ana lysis. Processing involved a 3-step procedur e. 
First, the cores were divided into 0-5 cm, 5- 15 cm, and 15-3 0 cm 
depths. Second, me five soil cores, tl1at represented one location in a 
field were compo sited by depth. Therefore, any one sample is the 
composite of 5 soil cores of meir correspondin g depth. Samples were 
oven dried at 70 °C in pap er bags, sieved throu gh a 2 mm mesh, 
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pulverized using a Wiley Hamm er Mill, and stored in Whirl-Pak bags. 
Upon rece iving the samples at the Aqueous and Terr estri al Geochem­
istry Laboratory in Bowling Green State University, composited samples 
from each location in the fields were once again comb ined, resulting in 
one samp le per field per depth (thr ee samp les per field or 24 total 
samples). 

2. 3. Seq ue11tial chemical ex tractio11s 

Soil samples were subjected to a four -step sequential extract ion (SE) 
scheme adapted from Land et al. (1999) and Laveuf et al. (2012) 
(Table 1). The extrac tions were performed on 1.0 g of dri ed soil samples 
place d individu ally in 50 mL polypropylene centrifu ge tub es. Tripli cate 
run s were made for each sample and the averaged results were used to 
yield calculations. After each extractio n step, a rinse with nanopur e 
water was condu cted for 30 min with a 1:20 mass/ volume ratio at room 
tempera tur e. The nanopure wa ter (18 MQ) had a pH of 6.5. Extractions 
and rinses were performed und er permanent shaking (100 rotations per 
minut e). All extrac tions and rinses were centrifuged at 10,000 rpm 
(15,182 relat ive centrifu gal force [RCF]) for 30 min to separate the 
supe rnat ant and the residu es and then filtered throu gh a 0.45 µm nylon 
membran e. The rinses were then combined into the superna tant frac­
tion. The soil residue was then subjected to the next extrac tion step, as 
described in Table 1. Blanks were also carried out in triplica te, following 
the same extra ction scheme . The fractionatio n scheme (Table 1) resulted 
in five chemically distinct fractions, namely, wa ter extra ctab le (Step 1), 
reductive dissolution of Mn-(oxy)hydroxide, e.g., MnO2 (Step 2), 
reductive dissoluti on of amor phous Fe-(oxy)hydroxide , e.g., ferrihydrite 
(Step 3), reductive dissolution of crystalli ne Fe-(oxy)hydroxi de, e.g., 
goethit e (Step 4), and the final residu e fraction main ly consisting of 
resistant silicates and bulk SOM (Land et al ., 1999 ; Laveuf et al., 2012 ). 

2.4. Sample chara cterizatio 11 

Major cations and metals (Fe, Mn, Al, Ca, K, Mg) from sequential 
extraction steps were determin ed using Indu ctively Coupled Plasma -
Optica l Emission Spectrometry (ICP-OES) (iCAP 6000 Series ICP Spec­
trom eter, Thern10 Electro n Corporat ion) equipp ed with an ASX-520 
AutoSampler. Samples were dilut ed using 5% nitr ic acid (ARISTAR®). 
The calibrat ion curve was prepare d using a Certipur -lCP mutli-element 
standard solution VIII, conta inin g 24 elements (Al, B, Ba, Be, Bi, Ca, Cd, 
Co, Cr, Cu, Fe, Ga, K, Li, Mg, Mn, Na, Ni, Pb, Se, Sr, Te, Tl, and Zn) 
diluted in 10% nitri c acid (ARISTAR®). Grotmd samples were loade d 
into standard sample holders and placed into a Panalytica l X'Pert MPD 
diffractometer using Cu radi atio n at 45KV/ 40 mA for mineral phase 

Table 1 
Sequential Extraction steps 1-4 including targeted phases and procedures. 

Step Phases Procedure 

Water extractable Nanopure water , 18 MQ 
Adjust pH at 6.5 
1:20 m/V 

1 extraction , shake 1 h, room 
temperat ure 

2 Mn-(ox y )h ydroxide s 0 .1 M NH20H •HC1 in 0 .1 M HCl 
(e.g. , Birne ssite) Adjust pH at 2 

1:20 m/V 
1 extraction , shake 0 .5 h, room 
temperature 

3 Amorp hous Fe-(oxy) hydroxid es 0.25 M NH20 H -HCI in 0.25 M HCI 
(e.g., Ferrih ydrite) Adjust pH at 1.5 

1:20 m/V 
1 extraction , 2 h each , 60 °C 

4 Cry stalline Fe-(oxy) hydroxide s (e.g. , 1.0 M NH20 H • HCI in 1.0 M HCI 
Goethite ) Adjust pH at 1 

1:20 m/V 
1 extra ction , 3 h, 90 °C 

Adapted from Lavettf et al. (2012) and Land et al. (1999). 

char acte rization (H&M Analytical Services Company). The scans were 
run over the ran ge of 3° to 80° with a step size of 0.0167 ° and an 
accumulated countin g time of 250 s per step. Once the patterns had been 
collected , the crysta lline phases were identified wi th the aid of the 
Powder Diffraction File publi shed by the Internatio nal Centr e for 
Diffraction Data or the Inorganic Crystal Structure Data base. 

Total organic car bon (TOC) in the soil matrix was determined using 
high temp eratur e oxidation followed by infrared detection of CO2 

(Shimadzu TOC-VCSH equipp ed with a solid sample module, SSM-
5000A). The calibration curve was prepared using a soil certified 
reference material (Leco, 3.82 % Carbon) . TP in the soil matrix was 
determined using the alkaline persulfat e digestion method followed by 
colorimetric detection using a Seal AQ2 Discrete Analyzer (Patton and 
Kryskalla, 2003 ). Briefly, one hundred mg of soil were suspended in 5 
mL of ultrap ure water and digested in 20 mL of potassium persulfate 
digestion reage nt in a furnace at 121 °C for 1 h . A certifi ed soil standard 
(SQC014-100G) was subjected to the same digestion procedure and the 
measured value was within 1 % of the certified value. TN in the soil 
matri x was detern1ined using USEPA 353.2 method , where nitrat e (NO3) 
was reduced by coppe rized cadmium to nitrite and measured spec tro ­
photometrically at 520 nm. Dissolved organi c carbon (DOC) in the ex­
tra ctions was determi ned using the carbon analyzer (Shim adzu TOC­
VCSH) equipp ed with a liquid auto sample r (Shimadzu ASI-L). The 
calibration curve was prepar ed using an Organic Carbon Standard 
(RICCA, 2000 ppm). Phosphate (PO43) and NO3 in the extractions were 
determined by colorimetric methods using the Seal AQ2 Discrete 
Analyzer as well. 

2 .5. Data analys is 

TOC, PO~- , and NO3 concentra tions (mg kg- 1) in each SE step were 
corrected by subtra cting the respec tive concentra tions from the blank 
samples. The corrected concentrati ons were multi plied by the volume 
generate d at each extrac tion , then divided by the initia l mass of soil used 
in each extra ction. The mass fractions of TOC, PO~- , and NO3 were 
determined by dividing the extracted concentrati ons between soil bu lk 
total organic carbon , total phosphorous and total nitro gen, respec tively. 
Correla tion coefficients between TOC vs Po~- and TOC vs NO3 from the 
sequenti al extrac tion steps were determ ined by the Pearso n product ­
momen t. 

3. Res ult s 

3. 1. Nutrient sig11at1.1resi11 extractab le pools 

To explore the role of redox sensitive minera ls (Fe- and Mn-(oxy) 
hydroxides) on the sorp tion of SOC, Po ~- and NO3, mass fraction pat ­
terns were plotted for all SE steps (Figs. 1- 3). These plots (discussed in 
order of SE steps, below) reveale d that Fe- and Mn-(oxy)hydroxide 
minerals exert a substantial role on adsorbi ng PO~- (Fig. 2). In contrast, 
NO3 was poorly retaine d by Fe- and Mn-(oxy)hydroxide min era ls 
(Fig. 3). Total soil bulk TOC, TP, and TN and extracta ble mean TOC, 
Poi - , and NO3 conce ntra tions (mg kg- 1) as a function of depth for all 
stud ied fields are prese nted in Tables S3-Sl 1 (Supplementa ry Infor­
mat ion). Also, extra cted Fe, Mn, Al, Ca, K, Mg concentration s (mg L - 1) 

are presented in Tables S12-Sl 9 (Supplementary Inform atio n) . 

3.2. Water extractab le TOG, PO~-, a11d NO3 (step 1) 

TOC, PO~- , and NO3 adsorbed to positively char ged soil particle 
surfaces that were wa ter extracta ble at pH 6.5 (Table 1). Small TOC ma ss 
fractions ranging from 0.016 to 0.032 (Figs. 1 and 4A) were observed in 
the wate r extractab le pool, among all fields and depths. The grea test 
wate r extracta ble TOC mass fractions were observed in Fields 1, 2, 7, 
and 8 (Fig. 4A). Fields 1 and 2 were managed und er no till conditi ons 
and Fields 7 and 8 under conservatio n tillage (30% soil surface with crop 
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Fig. 1. Total organic carbon (TOC)mass fraction as a function of depth for all investigated fields. The mass fraction for this figure is scaled from 0.00 - 0 .40. 
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Fig. 2. Phosphate (PO~ ) mass fraction as a function of depth for all investigated fields. The mass fraction for this figure is scaled from 0.00-1.00. 
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residue). Among all fields and depths , the water extractable Poi- mass 
fractions were bar ely noticeab le, wi th values ranging from 0.00 to 0.009 
(Fig. 2). No wate r extracta ble Poi- mass fractions we re observed in 
Fields 5 and 6, which were heav ily tilled (6 times tilled over a 4-year 
per iod) (Fig. 4E). Small N0 3 mass fractions were also observe d in the 

water extra ctable poo ls, among all fields and depths, ranging from 0.001 
to 0.016 (Fig. 3). The greates t wate r extra cta ble N0 3 mass fractions 
were observed in Fields 3 and 4 (6 times tilled over a 4-year period) 
(Fig. 41). In the water extractable pools, positive correlations were 
observed between TOC vs Poi- and TOC vs N0 3 among all fields and 
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Fig. 3. Nitrate (NO3 -N) mass fraction as a function of depth for all investigated fields. The mass fraction for this figure is scaled from 0.00 - 0. 16. 
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depths (p-value < 0.05) (Tables 2 and 3). 

3.3. M11-(oxy)hydroxide-bow1d TOC, PO~- , and NO3 (Step 2) 

TOC, Po~- , and N0 3 adsorbed onto and / or co-precipi tated with in 
Mn-(oxy)hydroxide min erals that were dissolved und er reductive con­
ditions at pH 2 (Table 1). Mn-(oxy)hydroxide-bound TOC mass frac­
tions, among all fields and depths, ranged from 0.012 to 0.037 (Figs. 1 
and 4B). Overall, TOC mass fractions were relative ly similar in all fields 
regardl ess of the tillage mana gement pra ctices, with the excepti on of 
Field 4 (Fig. 4B). Po~- mass fractions associated with Mn-(oxy)hy­
droxide , amon g all fields and depths, ranged from 0.024 to 0.285 (Figs. 2 
and 4F). In most fields, the Mn-(oxy)hydroxide-bound Poi- mass frac­
tions decreased as a function of depth. Overall, the grea test Poi- ma ss 
fraction s were observed in the fields manage d und er no till and con­
serva tion tilla ge (Fields 1, 2, 7, 8) (Fig. 4F). Small N0 3 mass fractions 
were observed in the Mn-(oxy)hydroxide pools, among all fields and 
depths ranging from O to 0.023 (Fig. 3). The greatest Mn-(oxy)hydrox­
ide-bound N03 mass fraction s were observed in Field 7 (8 times tilled 
with 30% biomass residue retenti on over a 4-year period) (Fig. 4J). In 
the Mn-(oxy)hydroxide poo l, positive correla tions were obse rved be­
tween TOC vs Poi- (p-value < 0.05 , except in Field 2) (Table 2). 
However, the association between TOC vs N0 3 in the Mn-(oxy)hy­
droxide pool produced both positive and negative correla tion s (Table 3). 
For inst ance, stron g posi tive correlation s were observe d in Fields 3 and 8 
(p-value < 0.05). In cont ras t, Fields 1, 2, and 4 exh ibit ed stron g negative 
correlatio ns betwee n TOC vs NOs (p-va lue <0.05). 

3. 4. A111orpho11sFe-(oxy)hydroxide-bowid TOC, PO~-, a11d NO3 (Step 
3) 

TOC, Poi-, and N03 adsorb ed onto and/ or co-precipi tated within 
amorphou s Fe-(oxy)hydroxide min erals that were dissolved und er 
redu ctive conditi ons at pH 1.5 (Table 1) . Amorphous Fe-(oxy)hydrox­
ide-boun d TOC mass fractions, among all fields and depths, ranged from 
0.060 to 0.023 (Figs. 1 and 4C). The grea test TOC mass fractions were 
observed in Fields 1 and 2 at the bottom dep ths and with the least 
concentrations in Fields 5 and 6 (Fig. 4C). Poi- mass fractions associ­
ated wi th amorphous Fe-(oxy)hydroxide, among all fields and depths , 
ran ged from 0.100 to 0.321 (Figs. 2 and 4G). In most fields, the amor­
phous Fe-(oxy)hydroxide-bonded Poi- mass fractions decrease d as a 
function of depth. Small N03 mass fractions were observe d in the 
amorp hou s Fe-(oxy)hydroxide pool, among all fields and depths ranging 
from 0.010 to 0.066 (Fig. 3). The greatest amorphous Fe-(oxy)hydrox­
ide-bonded N03 mas s fraction was observe d in Field 4 (6 times tilled 
over a 4-year period) (Fig. 4K). In the amorph ous Fe-(oxy)hydroxide 
poo l, stron g positive correlatio ns were observed betwee n TOC vs Poi­
(p-value < 0.05) (Table 2). Howeve r, the association betwee n TOC vs 
N0 3 in the amorphous Fe-(oxy)hydroxide pool produ ced negative cor­
rela tions (p-va lue < 0.05) (Table 3). 

Table 2 
Correlation coefficients between TOC vs PO~ (mg Kg 1) for sequential 
exu-action steps 1-4, for all fields. 

Field ID Water Extractable Mn-Oxide Amo rphou s Fe Crystalline Fe 

Field 1 0.89 * 0.96 * 0.94 * - 0.44 * 
Field 2 0.99 * 0 .20 0.83 * 0.48 * 

Field 3 0.90 * 0 .99 * 0 .99 * 0.98 * 
Field 4 0.96 * 0 .5 1* 0.99 * 0.98 * 

Field 5 0.83 * 0.99 * 0.99 * 0.99 * 

Field 6 0.79 * 0 .99 * 0.98 * 0.99 * 
Field 7 0.98 * 0.99 * 0.99 * 0.95 * 
Field 8 0.85 * 0 .15* 0.97 * 0.67 * 

t-c,est, paired two sample for means, p-value (one tail), a = 0.05. 
p-Value < 0.05. 

Table 3 
Conelation coefficients between TOC vs N03 (mg Kg 1) for sequential extrac­
tion steps 1-4, for all fields. 

Field ID Water extracta ble Mn-Oxid e Amorphous Fe Crystalline Fe 

Field 1 0.99 * - 0 .9 1 * - 0. 15* 0.89 * 

Field 2 0.99 * - 0.86 - 0.99 * - 0.88 * 

Field 3 0.97 * 0.99 * - 0.86 * - 0.68 * 
Field 4 0.99 * - 0 .91 * - 0.82 * - 0 .77 * 

Field 5 0.98 * 0.20 * - 0.95 * - 0 .37 * 
Field 6 0.99 * 0. 14* - 0.93 * - 0 .74 * 

Field 7 0.90 * - 0.41 * - 0.97 * - 0.96 * 
Field 8 0.75 * 0.97 * - 0.95 * - 0.93 

t-Test, paired two sample for means, p-value (one tail), a = 0.05. 
• p-Value < 0.05. 

3.5. Crystalline Fe-(oxy)hydroxide -bowid TOC, PO{-, and NO3 (Step 4) 

TOC, Poi-, and N0 3 adsorbed onto and/ or co-preci pit ated withi n 
crystallin e Fe-(oxy)hydroxide min erals that were dissolved under 
redu ctive conditions at pH 1 (Table 1). Crystalline Fe-(oxy)hydroxide­
boun d TOC mass fractions, among all fields and depths, ranged from 
0.081 to 0.167 (Figs. 1 and 4D). Among all redox sensitive min era ls, the 
crystallin e Fe-(oxy)hy droxid e min era ls adsorbed TOC to the greatest 
extent. The grea test TOC mass fractions were observed in Fields 3 and 4 
at the middl e depths and with the leas t conce ntrati ons in Field 8 
(Fig. 4D). Poi- mass fractions associated wit h crysta lline Fe-(oxy)hy­
droxide , among all fields and depths, ranged from 0.126 to 0.444 (Figs. 2 
and 4H). The greatest Po~- mass fractions assoc iated with the crys tal­
line Fe-(oxy)hydroxide were observed in Fields 3, 4, and 5 (Fig. 4H). 
Small NOs mass fractions were observed in the crystalline Fe-(oxy)hy­
droxide pool, amon g all fields and depth s, ranging from 0.006 to 0.043 
(Fig. 3). The grea test crysta lline Fe-(oxy)hydroxide-bonded NOs mas s 
fraction was observed in Field 4 (6 times tilled over a 4-year period) 
(Fig. 4L). In the crystalline Fe-(oxy)hy droxid e pool, stron g positive 
correla tions were observed between TOC vs Poi-, with the exception of 
Field 1 (p-value < 0.05) (Table 2). However, the assoc iati on between 
TOC vs NOs in the crystalline Fe-oxide pool produced negative corre­
lations, with the excepti on of Field 1 (p-va lue <0.05) (Table 3). 

3.6. Resid11al TOC, PO{- , and NO3 

The residual pool includes resistant silicates (e.g., quartz, alumino­
silicate clays) , bulk SOM, as well as organo- meta l colloids (Vazquez ­
Ortega et al., 2016 ). TOC adsorbed and/ or occluded onto / between the 
alumin osilicate clay interlayers compri sed the greatest mass fraction 
among all pool s (Fig. 1). In most instan ces, residual -bound Poi- mas s 
fractions were the grea test at the 15-30 cm depth (Fig. 2). The least 
residual-bound Poi- mass fraction was observed at the 15-30 cm depth 
in Field 5. The residual pool retained the grea test N03 mass fractions 
when compared with all pools among all fields (Fig. 3). 

4 . Discussion 

4.1. Role of Fe- and M11-(oxy)hydroxide minerals 011 SOC stabilization 

Based on our investigation, the operationally defined min eral phases 
stabilized SOC in the following orde r: crys tall ine Fe-(oxy)hydroxide > 
amorp hou s Fe-(oxy)hydroxide > Mn-(oxy)hydroxide (Figs. 1, and 4B­
D). Our findings suggest that circa 20% of the SOC was dir ectly bound to 
reactive Fe- and Mn-(oxy)hydroxides ph ases and these results are in 
agreement with Lalonde et al. (2012) . Genera lly, within the Mn- and 
amorphous Fe-(oxy)hydroxide min era ls, slightly high TOC mass frac­
tions were observed in fields mana ged und er conserva tion tillage (Fields 
1, 2, 7, and 8) (Fig. 4B and C). Fields 1, 2, 7, and 8 conta ined the largest 
bulk SOC content as a function of depth when compared to fields 
managed und er conventi ona l tillage (Field s 3, 4, 5, and 6) (Table S3, 
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Supplemental Infom1ation). In addition, soils in Fields 1, 2, 7, and 8 
belong to the same soil series: Hoytville series, which contain similar 
mineralogy composition and content (Soil Survey Staff, 2020 ; Figs. Sl ­
S5, Supplemental Informati on) . In contra st, Fields 3 and 4 displayed the 
largest TOC mass fract ion within the crystallin e Fe-(oxy)hydroxide 
phases (e.g., goethite). Studies have reported that soil organ ic com­
pounds can inhibit the crysta llization of Fe-(oxy)hydroxide minerals, in 
specific goethit e (Schwertmann, 1966; Kodama and Schnitzer, 1977 ; 
Fink et al., 2016a, 2016b, 2016c ). The conventional tilled fields con­
tained the least bulk SOC content (Table S3, Supplemental Information) 
and this low SOC content could allowed for a larger proportion of 
goeth ite. The specific surface area (SSA) of ferrihydrite (a type of 
amorphou s Fe-(oxy)hydroxide) can be as high of 400,000 1112 Kg- 1 

(Schwerm1ann and Taylor, 1989 ) and for goethit e it can range from 
21,000 to 70,0 00 1112 Kg (Cornell and Schwertmann, 1996 ). When- 1 

sorbed SOC (in mg Kg- 1, Tables S4-Sll , Supplementary Information) 
was normaliz ed by the minera ls SSA (in 1112 Kg- 1, data not shown), SOC 
surface loadin gs for goethite were ca. 2-8 times larger than those for 
ferrihydrite. Our results are in agreement with Kaiser et al. (2007) . 
Although, ferrihydrite has a larger SSA, goethit e can exert a dispro ­
portional role on adsorb ing SOC potentially due to larger abundance and 
the uniform spread of hydroxyl functional groups (= Fe-OH) (Fink et al., 
2016a ; Wei et al., 2014 ). Fields 5 and 6 were also managed under 
conventional tillage; however, the TOC mass fraction was lower than in 
Fields 3 and 4. These cult ivated fields belong to different soil series 
(Fields 3 and 4: Blount Series; Fields 5 and 6: Luray Series), pote ntiall y 
attributin g to these sites different types and abundances of minerals 
(Soil Survey Staff, 2020 ). 

Average soil pH values in all investigated fields as a function of depth 
ranged from 5.9 ± 0.5 to 7.1 ± 0.5 (Table 4). Soil pH values influence the 
surface charge of Fe- and Mn-(oxy)hydroxide minerals (Fink et al., 
2016a ; Wei et al., 2014 ). The point of zero char ge (pzc) genera lly 
described the pH at which the net charge of a mineral surface is equal to 
zero (Sposito, 1998). Soil pH values below/ above pzc indica te that the 
overall mineral surface is positively / negatively charged, respectively 
(Sposito, 1998). The typical pzc for MnO2, ferrihydrite , and goethite are 
approx imat ely 3.3, 8.5 and 8.0, respec tively (Gray et al., 1978; Fink 
et al., 2016a ). Under curr ent soil pH condition s (at the time of collec­
tion), the overall surface charge of MnO2 will be negat ively char ged. On 
the other hand, the overall surface charge of ferrihydri te and goethit e 
will be mostly positively char ged. Another parameter that provides in­
sights into the interactions between SOM and Fe- and Mn-(oxy)hy ­
droxide minera ls, is the acidic dissociation constant (pK8 ) of organic 
functional groups (e.g., carboxylic acid). The pK8 allows for prediction 
as to whether an acid will be predominantl y dissociated or undi ssociate d 
under given pH conditi ons (Turmel et al., 2015 ). The average soil pH 
values in all studi ed fields were above 5.86 (Table 4), which is greater 
than the typical pK8 for carboxylic acid (- 4.5) . At most soil pH condi ­
tions in our studied fields (at the time of soil collect ion), the carboxyl 
functional groups will be predominan tly dissociated (Turmel et al., 
2015 ). The negatively charged carboxyl moieties can be adsorbed onto 
the surface of Fe-(oxy)hydroxide minera ls via the formation of ligand 
exchan ge-s urface complexation (Eusterhues et al., 2005 and references 

Table 4 
Average and standard deviation (SD) pH from Oto 30 cm for all 8 investigated 
fields. 

Field ID Average pH SD pH 

Field I 6. 11 0 .36 
Field 2 5.86 0.45 
Field 3 6.8 1 0 .24 
Field 4 7.09 0.47 
Field 5 6.56 0.32 
Field 6 6 .62 0.46 
Field 7 6.42 0.49 
Field 8 6.43 0 .37 

with in). The interac tions between SOM with Fe-(oxy)hydroxide min ­
erals can be described using the organo-mineral zonal model (Kleber 
et al., 2007 ). This concep tual model assumes the premise that SOM is a 
mixture of heteroge neous organic compoun ds, displaying amphiphili c 
moieties (hydrophili c and hydroph obic charac teristics), and SOM is 
sorbed onto mineral pha ses in a discrete zonal sequence. The zones 
includ e the contact zone, hydrophobic zone, and kinetic zone, forming 
inner-sphere complexes (e.g., ligand exchange), van der Waals forces 
and cation bridging and hydrogen bondin g, respectively (Kleber et al., 
2007 ). SOM in the contact zone is less bioavaila ble due to strong co­
valent bonds; therefore, the exchange rate is low. SOM in the hydro­
phobic and kinetic zones exhibit moderate and high excha nge rates , 
respectively. Fe- and Mn-(oxy)hydroxide minerals exert a strong role on 
SOC stabilization and bioavailability. Unless redox conditi ons favor the 
reductive dissolut ion of these minera ls in the studi ed agricu ltura l fields, 
SOM will be strongly sorbed allowing for a constant slow release of SOM 
as carbon and energy source for plants and microbia l communiti es 
(Magdoff and Van Es, 2000 ). 

4.2. Coupli11g of Fe- a11d M11-(oxy)hydroxides a11d soil orga11ic matter 011 

P a11d N sorptio11 

Operationa lly defined Fe- and Mn-(oxy)hydroxide minera l phases 
adsorbed PO43 to a large extent in all investigated fields as a function of 
depth (Fig. 2). In Fields 1, 2, 7, and 8 (conservation tillage), Mn-(oxy) 
hydroxide mineral pha ses adsorbed a larger PO43 mass fraction when 
compared to Fields 3, 4, 5, and 6 (conventional tillage) (Fig. 4F). In 
contrast, in Fields 3, 4, 5, and 6, crystalli ne Fe-(oxy)hydroxide minera ls 
adsorbed PO43 to a grea ter extent, when compar ed to Fields 1, 2, 7, and 
8 (Fig. 4H). The high content of SOC in fields managed und er conser­
vation tillage can occupy the active sorpt ion sites in the crysta lline Fe­
(oxy)hydroxide minerals hindering the PO43 sorp tion (Hunt et al., 2007 ; 
Fink et al., 2016b ). As sta ted in Section 4.1 , SOC can inhibit the for­
mat ion of crystalline Fe-(oxy)hydroxide minera l (e.g., goeth ite), furth er 
decreasing PO43 sorption (Schwerm1ann, 1966 ; Kodania and Schnitzer, 
1977 ). However, continu ous tilling practices in Fields 3, 4, 5, and 6 will 
favor the decomposition of SOC (Balesdent et al., 2000 ), enhan cing the 
neoformati on of goethit e and further promoting PO43 sorpti on (Fink 
et al., 2016b ). 

Soil pH values in our studied fields, at the time of collection, will 
favor a net negative surfa ce charge in the Mn-(oxy)hydroxide minerals, 
potentially adsorbing PO43 via ot1ter surface complexation (Mustafa 
et al., 2006 ). Cation bridging by alkaline earth cations (Ba2+, Sr2+, Ca2+, 
Mg2+) and tran sition metal ions (Mn2+, Co2+, Ni2+) can enhan ce the 
sorpt ion of PO43 onto the surfa ce of Mn-(oxy)hydroxide minera ls 
(Kawashima et al., 1986 ). Fe-(oxy)hydroxi de minerals would have an 
overall positive surface charge, augmentin g PO43 adsorpti on due to 

electrostat ic attra ction. PO43 can form monodentate / mononuclear and 
bidentat e/ binucl ear complexes with goethite surfa ces (Fink et al., 
2016a ; Arai and Sparks, 2001 ; Belelli et al., 2014 ). These surface com­
plexes result in no intercalate d wate r molecules due to the strong for­
mation of covalent bonds . The desorption and bioavailability of PO43 

depends on the bindin g energy of the complexes, with higher prob ability 
of PO43 desorption in this sequence; binucl ear > bidentate > mono­
dentate complexes (Belelli et al., 2014 ). PO43 bidentat e/binuclea r 
complexes desorb mor e readily because the P-O and Fe-P bond dis­
tances are longer (Belelli et al., 2014 ). 

The formation of a tertiary complex between the hydroxyl group in 
the Fe-(oxy)hydroxi de minera l surface, SOM, and PO43 can enhan ce 
PO43 sorption (Fink et al., 2016a ). The electrostati c repulsion between 
the depro tonated carboxyl moiety and PO43 is reduced by the interca ­
lation of a cation, forming a cation bridging bond. SOM can also compete 
and desorb PO43 from Fe-(oxy)hydroxide mineral surfaces (Fink et al., 
2016a ); however, our study showe d stron g positive correlat ions be­
tween TOC and PO43 when the opera tionally defined Fe- and Mn-(oxy) 
hydroxide mineral phases underwent reductive dissolut ion (Table 2). 
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Overall, our results indicate that both SOM and Fe- and Mn-(oxy)hy­
droxide mineral phases are exertin g a strong role on the retention of 
PO43 in the studied farm soils, potentially controll ing its desorption and 
bioavailability to plants and microorga nisms. 

The role of Fe- and Mn-(oxy)hydroxide minera l phases on nitrat e 
(NO3) sorpti on was considerably different to that of PO43 (Table 3 and 
Figs. 3 and 4). NO3 was adsorbed marg inally onto the surface of these 
minerals. Strong negative correlations were observed between TOC and 
NO3 when the operationally defined Fe- and Mn-(oxy)hydroxide min­
eral pha ses underwent reductive dissolu tion (Table 3), indicating that 
organic compound s were not facilitating NO3 sorpti on onto the surface 
of these minerals. However, strong positive correlatio ns between bulk 
SOC and total N, as well as DOC and NO3 from the aqueous extraction 
were observed (data not shown), suggesti ng that sorption of nit rogen 
species in our studi ed soils is primarily control by bulk SOM. 

5. Agricultura l implications 

SOM is a key compon ent of maintainin g favorable soil physica l, 
biological and chemical heal th and ensures the sustainabilit y of agri ­
cultu ral pra ctices. Increasing SOM content increases nutrient retention, 
CEC, soil porosity , and water holding capacity, while it decreases bulk 
densit y, and improves crop yields (Helling et al., 1964; Reeves, 1997 ; 
Lal, 2006 ; Sharpley et al ., 2006 ; Tum1el et al., 2015 ; Fink et al., 2016a ; 
Moebius-Chme, 2016 ; Bi.inemann et al., 2018 ). Additionall y, an 
increased SOM content allows for anions, such as PO43, to be retain ed in 
soils at grea ter exten t via the formati on of outer surface complexation 
(Mustafa et al., 2006 ). It is important to understand the role of Fe- and 
Mn-(oxy)hydroxide minera ls on SOM stab ilizatio n in agricultura l soils 
to be able to mana ge them properly. Our study showed that Fe- and Mn­
(oxy)hydroxide minera ls sequestered SOC preferentiall y in the 
following order: crystalline Fe-(oxy)hydroxide > amorph ous Fe-(oxy) 
hydroxide > Mn-(oxy)hydroxide. In fields managed under conservatio n 
tillage, the Mn-(oxy)hydroxide mineral pool adsorbed larger PO43 mass 
fractions. In contra st, fields managed under conventi onal tillage, the 
crystallin e Fe-(oxy)hy droxide minerals adsorbed PO43 mass fractions to 
a grea ter extent. Finally, our results suggest the formation of tertiar y 
complexes between the Fe-(oxy)hydroxide mineral surfa ce, SOM, and 
PO43, as observe d by the positive significant correlations in the 
extracted solutions from the reductive dissolution of Mn-(oxy)hydrox­
ide, an10rphous Fe-(oxy)hydroxide, and crystalline Fe-(oxy)hydroxide. 

Furth ermore, knowledge of the coupling interac tions between Fe­
and Mn-(oxy)hydroxide minerals, SOC, PO43, and soil pH, will allow for 
a deeper understanding and successful implementation of BMPs such as 
DWMS. Implementation of DWMS allows farmers to contro l the release 
of tile drain age water leaving their fields, reducing inputs of NO3 and 
PO43 into receiving bodies. DWMS can alter redox condi tions and soil 
pH under different water saturation conditions, potentially inducing the 
reductive dissolution of Fe- and Mn-(oxy)hydroxide minera ls, ultimat ely 
affecting the adsorption / desorption of PO43. If desorption of PO43 from 
Fe- and Mn-(oxy)hydroxide minerals were to happen and the DWMS is 
open, high concentration s of PO43 would be released into receiving 
bodies, potentially exacerbatin g the effects that nutri ents have on the 
growth of harmful algae blooms (Bullerja hn et al., 2016 ; Kane et al., 
2014 ; Watson et al., 2016 ). 
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