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Abstract. Myriad studies have shown the extent of human +Mg?*)/alkalinity to DSi in the tilled corn and the forested
alteration to global biogeochemical cycles. Yet, there is onlysite suggested, however, that silicate minerals weathered as
a limited understanding of the influence that humans havealkalinity was lost via enhanced nitrification resulting from
over silicate weathering fluxes; fluxes that have regulated atfertilizer additions to the corn watershed and from leaf litter
mospheric carbon dioxide concentrations and global climatedecomposition in the forest. This same relation was observed
over geologic timescales. Natural landscapes have been réa the Ohio-Tennessee River Basin where dominant landuse
shaped into agricultural ones to meet food needs for growtypes include both agricultural lands receiving nitrogenous
ing world populations. These processes modify soil proper-ertilizers and forests. Greater gains in DSi with respect to
ties, alter hydrology, affect erosion, and consequently impactlkalinity losses in the Ohio-Tennessee River Basin than in
water-soil-rock interactions such as chemical weatheringthe NAEW sites suggested that soils derived from younger
Dissolved silica (DSi), C&, Mg?t, NOj, and total alkalin-  Pleistocene glacial-till may yield more DSi relative to ni-
ity were measured in water samples collected from five smalkrogenous fertilizer applications than the older NAEW soils.
(0.0065 to 0.383 kM gauged watersheds at the North Ap- Because silicate weathering occurs via acids released from
palachian Experimental Watershed (NAEW) near Coshocqitrification, CQ consumption estimates based on the as-
ton, Ohio, USA. The sampled watersheds in this unglaciatedsumption that silicate weathers via carbonic acid alone may
region include: a forested site (70+ year stand), mixed agribe especially over-estimated in fertilized agricultural water-
cultural use (corn, forest, pasture), an unimproved pasturesheds with little baseflow (i.e. 67 % overestimated in the corn
tilled corn, and a recently(3 yr) converted no-till corn field.  till watershed). C@ consumption estimates based on sili-
The first three watersheds had perennial streams, but theate weathering may be as much as 20% lower than esti-
two corn watersheds only produced runoff during storms andmates derived from carbonic acid weathering alone for the
snowmelt. For the perennial streams, total discharge was a®hio-Tennessee River Basin between 1979-2009. Globally,
important control of dissolved silicate transport. Median DSi this may mean that younger landscapes with soils favorable
yields (2210-3080 kg km?yr—1) were similar to the me- for agriculture are susceptible to fertilizer-enhanced silicate
dian of annual averages between 1979-2009 for the muckveathering. Increases in silicate weathering, however, may
larger Ohio-Tennessee River Basin (2560 kg®yr—1). be offset by shifts in hydrology resulting from agricultural
Corn watersheds, which only had surface runoff, had subland management practices or even from soil silica losses in
stantially lower DSi yields €530kgkn2yr—1) than the  response to repeated acidification.

perennial-flow watersheds. The lack of contributions from

Si-enriched groundwater largely explained their much lower

DSi yields with respect to sites having baseflow. A signif-

icant positive correlation between the molar ratio of {Ca
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1 Introduction calc-silicates in the Middle Hills of Central Nepal had ele-
vations in base cations, silica, and fertilizer-associated ions
Human activities, which exert an ever-increasing influencewith respect to their forested counterparts (Collins and Jenk-
on the Earth’s surface, include altering the quantity and qualins, 1996; Jenkins et al., 1995) and greater silicate weath-
ity of our water resources and accelerating soil loss (Wa-ering rates (West et al., 2002). While biology, hydrology,
gener et al., 2010; Wilkinson and McElroy, 2006). Changeslithology, and soil age may be controls of silicate yields from
in landuse activities, especially the conversion of pristinecroplands, yields may also relate to chemical weathering in-
landscapes into agricultural ones, affects both the timing anderactions with ongoing applications of chemical fertilizers
magnitude of river flows and their water quality (Barnes andand manure that generate acid via nitrification and to acid-
Raymond, 2009; Gordon et al., 2010, Gordon et al., 2008 neutralizing lime applications (Barnes and Raymond, 2009;
Raymond et al., 2008). The conversion of natural into agri-Perrin et al., 2008; Pierson-Wickmann et al., 2009a, b). In
cultural ecosystems has increased more than six-fold fromhe calcareous lithologies of southwest France, acid produc-
the 1700s to the 1990s (Pongratz et al., 2008). This in turrtion from the application of acid-generating N-fertilizers has
has led to changes in hydrologic flow paths, increased eroenhanced the rate of carbonate mineral weathering relative
sion and soil loss, and enhanced fluxes of nutrients due teo forested landscapes (Perrin et al., 2008). In unlimed agri-
applications of fertilizer and manure (Turner and Rabalais,cultural granitic catchments in western France, soil acidifica-
2003, Zhang and Schilling, 2006). Conventional agricul- tion has increased the export of basic cations and enhanced
tural practices (e.qg. tilling, removing crop residues, grazing)saprolite (i.e groundwater) weathering (Pierson-Wickmann
disturb the uppermost soil horizon, decrease infiltration andet al., 2009a). The application of N-fertilizers in China has
evapotranspiration and increase surface runoff (Gordon eincreased the export of Hmore than an order of magni-
al., 2008; Logan et al., 1991). Arable lands have depletedude beyond that attributable to acid rain deposition (Guo et
extractable silica with respect to forested landscapes, peral., 2010). Although silicate mineral weathering via nitrifi-
haps resulting from erosion of surface soil via tilling prac- cation has not been calculated for agricultural landscapes, it
tices (Clymans et al., 2011). In the Scheldt River Basin, Eu-has been shown that in some forested landscapes nitrifica-
rope, converting forested landscapes into long-term agricultion can enhance the weathering of silicates (Berthelin et al.,
tural ones £ 250 years) has decreased the baseflow export 0f985). It has been postulated that the addition of N-fertilizers
total silica (i.e. dissolve and amorphous) to the ocean by twamay weather silicate minerals and hence, not release HCO
to three orders of magnitude (Struyf et al., 2010). This lossas with weathering via carbonic acid (Barnes and Raymond,
has been attributed to the erosion of the soil pool of amor-2009) Therefore, calculations of G@onsumption associ-
phous silica, ultimately lowering silica released (Struyf et ated with silicate mineral weathering must be carefully made
al., 2010). Yet the initial loss of amorphous silica from con- in the presence of fertilizers.
version to agricultural landuse sends a pulse of silica from Between 1953 and 2001 bicarbonate fluxes in the Missis-
soil into watersheds (Clymans et al., 2011). Earlier stud-sippi River have increased (Raymond and Cole, 2003; Ray-
ies suggested that agricultural landuse alters water storageond et al., 2008). This observation, coupled with an in-
properties on the landscape potentially altering dissolved silcrease in discharge not associated with increased precipita-
ica (DSi) yields (Collins and Jenkins, 1996; Conley et al., tion, has been postulated to result from an increase in crop-
2000; Jenkins et al., 1995). More work is needed to evaluatéand relative to forested areas (Raymond et al., 2008). Dur-
the response of silicate yields to changing landuse througling approximately the same time period, there was no in-
both base and stormflow conditions. In addition, watershedgrease in the flux of DSi to the Mississippi River, and no
with different crop types, management practices and georelation found between percent cropland and DSi (Donner,
logic characteristics need to be evaluated so that change®003; Goolsby et al., 1999). In North America, increases in
in silica yields with landscape alteration can be better con-hicarbonate alkalinity are primarily attributed to agricultural
strained. liming practices (Moosdorf et al., 2011a, Oh and Raymond,
The relation between silicate weathering and agricultural2006; Raymond et al., 2008; West and McBride, 2005). In-
landuse varies with the geologic characteristics. In west-creases may also relate to greater plant productivity releasing
ern France, small-scale:0.12 knf) Paleozoic-aged granitic organic acids and C£that in turn increases soil weathering
lithologies with tilled and manured agricultural fields had rates (Raymond and Cole, 2003). In the Ohio River Basin,
DSi yields similar to other non-agricultural temperate and watersheds with-5 % agricultural area exported more than
tropical catchments (Pierson-Wickmann et al., 2009b). In3.4 times the HCQ compared to those witk:5 % agricul-
the Chesapeake Bay, USA, elevated DSi concentrations weriral area (Barnes and Raymond, 2009; Oh and Raymond,
associated with increased cropland in the unconsolidate@006). While inorganic carbon exports are clearly tied to
sand, clay, and gravel of the Coastal Plain, but not withchemical applications (liming) more work is needed to un-
the primarily crystalline lithologies in the Piedmont (Jor- derstand the influence of fertilizer applications. The overall
dan et al., 1997; Liu et al., 2000; Weller et al., 2003). lack of correlation between DSi and N@bserved through-
Agricultural landscapes in the crystalline gneiss, schist andbut the Mississippi River Basin (Goolsby et al., 1999) may

Biogeosciences, 9, 94955 2012 www.biogeosciences.net/9/941/2012/



S. K. Fortner et al.: Agricultural silicate weathering 943

be reflective of the distinct interrelation between added fer- [T Aacnian Exporimental Watershed
tilizers with varying subbasin lithologies or hydrological al-
teration.

Our objective was to evaluate the role of agricultural lan-
duse practices on silicate weathering by focusing on very
small watersheds. This included examining the influence of
landuse on hydrology and silicate weathering and examining
potential silicate weathering via N-fertilizers and manures.
We did not distinguish between abiotic (e.g. mineral weath-
ering only) and biotic (e.g. stored and released from plants)
silicate pools. Small watersheds@.39 knf) with distinct
landuse types were selected for this study including forest,
tilled corn and no-till corn, unimproved pasture, and mixed
landuse including one-third tilled corn. An initial goal was to A
evaluate whether till versus no-till practices generate distinct :
silicate weathering yields and how these yields compared
with other landuse types. Hydrologic distinctions betweenFig. 1. Map of the USDA North Appalachian Experimental Water-
landuse types were evaluated along with DSi yields. An-shed (NAEW) watersheds, Ohio, shown with respect to the Ohio-
other goal of this study was to estimate the potential aﬁects;e”f‘eszi?zv'\?/i"ert Suﬁbgsif‘ ?f Jhev\ylsislsilsssgpi-ALCh?rfﬁla\yv% 'i;";r

TH ; . A . ; asin. watersneds Include: orn No- [,
of N-fertilizer applications on silicate weathering rates. This - " 1) \vs') 66 Mixed-Use, WS 172 Forest, and WS 182 Unim-
required an examination of losses of alkalinity, or increases
in the (C&++Mg?+)/alkalinity ratio, along with calculating proved Pasture.
silicate weathering via nitrification using median DSi and
NOj concentrations. To understand hydrochemical controls ] o
of silicate weathering on agricultural land, our findings from SOil waters are supersaturated with respect to kaolinite, il-
NAEW watersheds were compared to results from the Ohio/ite, and gibbsite, however groundwaters are undersaturated

Tennessee River Basin (526 000%m For all sites, annual with respect to these phases (Eckstein et al., 2007). Cal-
DSi yields and C@related to silicate weathering were eval- cite and dolomite, however, were undersaturated in both soil

uated: this included a subtraction of DSi associated with am-&nd groundwaters though are important to precipitation acid-

monium in fertilizer generating nitric acid. neutralization (Eckstein et al., 2007).
The size, present landuse, and total mineral N and ma-

nure applications onto each sampled watershed between

500 1000 km
L )

2 Site description 1980-1999 and 2000-2009 are shown in Table 1. Lime
(CaMgCG-dolomite), K and P mineral applications are not

2.1 North Appalachian Experimental Watershed detailed in this study, whether the sites had these applica-

(NAEW), Ohio tions or not. Since 2008, watershed (WS) 115 has been a

no-till corn with applications of inorganic N-fertilizers and

The small watershed experimental sites were selected frorN-rich manure and throughout its 70-year history. WS 127
long-term hydrological monitoring sites at the United Stateshas been a disk-tilled corn watershed since 2006 and has had
Department of Agriculture- Agricultural Research Ser- N-fertilizer and manure applications throughout its 70-year
vice (USDA-ARS) NAEW at 4022 N and 82417 W near  history. Of the two corn watersheds examined, WS 127 has
Coshocton, Ohio, USA (Fig. 1). These watersheds were esa steeper slope than WS 115. Slopes range from 2-18 %
tablished in the 1930s and have well-documented land manin WS 127 compared to 2-12% in WS 115 (Kelley et al.,
agement histories (Owens et al., 2010, 2008). This regiorll975). WS 166 is a mixed-landuse site that rotates among
of southeastern Ohio was not glaciated during the Pleispasture, tilled corn, and hay, and portions have been grazed
tocene epoch, and consists of shallow, well-drained resideontinually since 1976. Additionally, one-third of WS 166 is
ual soils with silt loam surfaces derived from Pennsylvanian-forested, with trees surrounding part of the stream channel.
aged shales and interbedded sandstones (Kelley et al., 197%his site has also had ongoing N-mineral applications, but no
Owens et al., 2008). High-resolution modeling of geology manure has been applied. Like WS 166, WS 182 has been
and DSi yields in United States suggests that sedimentargrazed for more than 30 years. There have been no chemical
rocks (both carbonaceous and siliciclastic) release the greatpplications to this watershed in the last 40 years (Table 1).
est amount of DSi with respect to other lithologies (JansenWS 172 has been forested for more than 70 years with no
et al.,, 2010). The NAEW soils are predominantly com- chemical applications. Prior to reforestation, WS 172 was
prised of aluminosilicates and contain less than 5% carbon<30 % forested and mostly composed of pasture and, to a
ates (Eckstein et al., 2007). Geochemical modeling indicatesesser extent, abandoned farmland. This watershed is also the
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steepest of the watersheds examined, with slopes typicallyhree times a month during October 2008—February 2010.
more than 15%. Sites 166, 172, and 182 have permanerfampling from these sites occurred primarily during base-
streams associated with them and hence have baseflow. THiw. Because the two corn watersheds, WS 115 and WS
two corn watersheds, WS 115 and 127, only have overland.27, have no baseflow, they were sampled only during storm

flow during storm runoff. runoff. Runoff from these sites was collected during De-
cember 2008—February 2010. Grab samples were manu-
2.2 The Ohio-Tennessee River Basin ally collected immediately below the weirs at the perennial

flow sites, while flow-proportional samples were automati-
The NAEW sites are part of the larger Ohio-Tennessee Rivectally collected from the sites with only runoff using Coshoc-
Basin (Hydrologic Unit 03612500, The Ohio River at Dam ton Wheel samplers immediately below H flumes (Braken-
53 near Grand Chain, lllinois), which covers an area ofsiek et al., 1979). These hydrologic measurements can be
~526 000 kn? and flows into the Mississippi River Basin at used to understand instantaneous discharge as well as total
3712 N, 8902 W (Fig. 1). Three-quarters of the total dis- storm volumes. Stormflow volumes were estimated for sites
charge in the Ohio-Tennessee River Basin is from the Ohiawnith baseflow (WS 166, WS 172, WS 182) by subtracting
River (Oh and Raymond, 2006). Furthermore, the Ohio-the amount of baseflow from the total flow.
Tennessee River Basin contributed between 33 and 57 % of Sample collection bottles were 1liter Nalgene® low-
the total annual flow of the Mississippi-Atchafalaya River density polyethylene (LDPE) bottles that had been rinsed
Basin between 1979 and 2005 (calculated from Aulenbactwith deionized water (DIW) prior to use. Upon return to the
etal., 2007). laboratory at The Ohio State University, aliquots were sep-
Oh and Raymond (2006) report that landuse for the Ohioarated for chemical analyses. Approximately 30 ml of each
River Basin is primarily forest and agriculture (croplands sample was filtered through a 0.4 pm Nuclepore® filters into
and pasture and range) with reductions in croplands with reDIW-rinsed 60 ml LDPE bottles to analyze for dissolved sil-
spect to pastures occurring in recent decades. Monthly anéta (DSi). DSi was analyzed colorimetrically using a Skalar
annual nutrient loads have been calculated for the MissisSan++ Continuous Flow Analyzer® and the molybdenum
sippi River Basin and its subbasins as a part of this long-blue method. Major cations and anions in filtered samples
term monitoring program to understand hypoxia in the Gulf were analyzed using a Dionex 120 lon Chromatograph® and
of Mexico (Aulenbach et al., 2007). The heavily fertilized the methods described in Welch et al. (1996). We report
Ohio-Tennessee River Basin has a higher average nitratenly C&*, Mg?t, and NG here. All concentrations were
yield (505 kg knT2 yr—1) compared to the entire Mississippi- more than three times instrument detection limits. Major ion
Atchafalya Basin (300 kg k2 yr—1) (Turner and Rabalais, concentrations in NAEW stream samples were corrected for
2004). DSi contributions to the Mississippi-Atchafalaya are the concentrations found in precipitation by subtracting the
high relative to discharge for the Ohio-Tennessee River Basir2009 annual precipitation concentration averages measured
compared with other major tributaries to the Mississippi at Delaware, Ohio, as part of the National Trends Network
River (Aulenbach et al., 2007; Goolsby et al., 1999). Thein the National Atmospheric Deposition Program (NADP,
geology of the Ohio-Tennessee River Basin is primarily Pa-2010). A subtraction was performed rather than normalizing
leozoic in age and sedimentary in composition, dominated bythe data based on ratios to a conservative constituent recog-
lithologies include dolomite, limestone, dolostone, shale andhizing that the agricultural fields had cation and anion addi-
siliclastic rocks (King et al., 1974). A new high-resolution tions from fertilizers (e.g. K and CI- from potash). Ad-
study of the United States shows that both carbonaceous amditionally, non-fertilizer associated ﬁo is associated with
siliclastic sedimentary lithologies are responsible for yield- pyrite weathering from a coal seam in the groundwater and
ing substantial DSi (Jansen et al., 2010). While these sedinot the surface soil region (Eckstein et al., 2007). Precision
mentary lithologies are distinct in their mineralogy, they both of DSi and NG measurements was better than 5% based
yield similar rates of DSi per unit flow (Moosdorf et al., on standards run as samples and replicate samples. Total al-
2010). Yet the northwestern one-fifth of the Ohio-Tennessedalinity was measured in triplicate by titration using Hach©
River Basin is overlain by till of mixed lithologies from the Method 8203 (Hach, 2008). All three measurements were
Wisconsinan and pre-lllinoian Glaciations and these recentlywithin 10 % of their mean concentration. Based on the cir-
glaciated areas have correspondingly younger soils that areumneutral pH of these waters, we assume that alkalinity is
more readily weathered than older landscapes (Buol et al.approximately equivalent to the bicarbonate concentration.
1997; Oh and Raymond, 2006). Specific discharge, discharge normalized to area, was de-
termined to compare between watersheds. The differences
in hydrology and DSi yields among NAEW watersheds were
3 Methods evaluated using the procedures outlined as following. Total
and cumulative storm flows (i.e. baseflow subtracted) were
Water samples were collected from mixed use, forested, andompared to evaluate the hydrologic distinctions among wa-
unimproved pasture (watersheds 166, 172, and 182) one ttersheds. DSi yields were compared among all watersheds
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Table 1. Watershed area, landuse during study period, N-fertilizer and manure applications* during 1980-1999 and 2000-2009 for NAEW
watersheds.

Watershed Area (kf) Landuse N Fertilizer Application  Manure Application
(kg*103 km—2) (kg*103 km—2)
1980-1999: 139.1 1980-1999: 5400 (40 loads)
115 0.0065 No-till Corn 2000-2009: 54.7 2000-2009: 1600 (12 loads)
1980-1999: 48.2 1980-1999: 4700 (36 loads)
127 0.0067 Disk-tilled Corn 2000-2009: 70.2 2000-2009: 4000 (31 loads)
Grazed 1980-1999: 490.7 None
166 0.321 Pasture/Corn/Forest  2000-2009: 104.8
172 0.177 Forest None None
Grazed Unimproved None
182 0.383 Pasture None None

*Manure mass is estimated from number of loads and may vary due to differences in water saturation.

with baseflow and the two corn sites with stormflow only. nitrification went toward weathering silicate minerals. For
For the watersheds with perennial streams, DSi yields werehis calculation, only the DSi not weathered by N@& as-
calculated on a per storm basis by multiplying total storm sociated with carbonic acid weathering and hence €@n-
discharge by the associated measured concentration and diumption.

viding by the watershed area. For the stormflow only wa-

tersheds, DSi yields were calculated based on instantaneous

discharge by multiplying instantaneous discharge by the as4 Results

sociated measured concentration and dividing by the wa- ) N

tershed area. Annual DSi yields could then be calculatedt-1 NAEW area-normalized flow conditions

for all watersheds based on their relation to specific dis-

charge (storm and instantaneous) and the associated Iine_ﬁ\“ watersheds experienced the_ir highesF total monthly flows
regression. These yields were compared to yields from thdn December through March (Fig. 2a) with almost no storm

Ohio-Tennessee River Basin calculated from USGS areall®W in May, June, July, and August (Fig. 2b). Results from

normalized load estimates (Aulenbach et al., 2007). The®" ANOVA two-factor test without replicatio_n revealed that
USGS loads used for this calculation were determined usihe forested watershed (WS 172) and the mixed land use (WS
ing USGS LOADEST that uses daily element concentrationst66) @nd unimproved pasture site (WS 182) did not all have
and flow data to determine their relation and selects a best-ﬁ?t""t'suCalIy similar average monthly flow and monthly flow

model to approximate annual loads (Runkel et al., 2004),  vVariation ¢« =0.05,p =0.0296,F = 5.86, Feit = 4.60). Cu-
mulative differences between total flow and stormflow only

Comparisons were made to assess the relation between silvere compared throughout the entire sample period (Fig. 3).
icate weathering and losses of alkalinity [increasing molarTotal cumulative flow for perennial streams (WS 166, WS
ratio of (C&#*+Mg?")/alkalinity] potentially associated with 172, WS 182) were more than 25 % greater than the tilled
application of nitrogenous fertilizers (Barnes and Raymond,corn (WS 127) and more than double the total flow observed
2009). This relation and the relation of median DSi con-in the no-till corn (WS 115) during the 14-month sampling
centrations to median NDconcentrations, was used to un- interval. Overall the tilled corn, WS 127, had the highest cu-
derstand silicate weathering behavior for the NAEW water-mulative storm flow (252 mm) during our sampling period.
sheds and the Ohio-Tennessee River watershed. The Ohign fact, its cumulative storm flow was more than six times
Tennessee River Basin DS, jOtotal alkalinity, C&", and  greater than the forested WS 172 (42 mm). More than 87 %
Mg?+ data were retrieved from a USGS databasip:/  of the flow from the forested watershed occurred as base-
waterdata.usgs.gov/nwiall of these constituents were avail- flow. The cow-trampled, unimproved pasture, WS 182, had
able for 1959-1962, and 1985-2010. For NAEW sites andhe second highest cumulative storm flow (139 mm) followed
the Ohio-Tennessee River Basin maximumyG&@nsump- by the no-till corn, WS 115 (115 mm). In WS 182, 67 % of
tion from silicate weathering was calculated based on the asthe total cumulative flow occurred as baseflow. Mixed lan-
sumption that silicate minerals were weathered by carboniduse WS 166 had total cumulative storm flow (76 mm) more
acid releasing silicic acid (i.e. DSi) (Berner, 1995). Addi- similar to the no-till corn (WS 115) than the forested (WS
tionally, minimum CQ consumption from silicate weath- 172). However, unlike the corn (WS 115), most (77 %) of
ering was calculated assuming that all N@sulting from  the cumulative flow in WS 166 was from baseflow.

www.biogeosciences.net/9/941/2012/ Biogeosciences, 9, 9832012
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Fig. 2. Specific discharge (mm) by month fe#) total flow and (B) stormflow from December 2008—February 2010 for NAEW wa-

(B) stormflow from December 2008—February 2010 for NAEW wa-

tersheds. tersheds.
180
Because the tilled corn (WS 127) had more than twice the — 44 | ‘
cumulative stormflow of the no-till corn (WS 115), itwas ¢ I _
. . . £.140 = 115 Corn No-Till
necessary to consider whether those differences were driver g ——127 Corn Till
by the differences in tillage. Relative differences in runoff £ 1201
from WS 115 compared to WS 127 have not changed no- -§ 100 -
ticeably since WS 115 was converted no-till in 2008 (Fig. 4). § 80
This may suggest that a response to tillage practices had no L 404
t ) b=
yet occurred &;:_ .
4.2 Dissolved Siyields for NAEW sites @ 201
0
DSi yields for the two corn watersheds are compared with o

specific discharge (Fig. 5). For both watersheds, a two-tailed N
t-test shows that DSi yields have a significant positive corre-

lation (< = 0.05) with specific discharge (WS 11b:= 18, Fig. 4. Monthly discharge (mm) for corn watersheds 115 and 127
r=0.877,p <0.01; WS 127:n =21, =0.767, p < 0.01). during Jgnuary 2006—February 2010. WS 115 becomes no-till wa-
Overall the tilled corn (WS 127) had greater specific dis- ©€rshed in 2008.

charge and higher mean DSi yields than did the no-till corn

(Ws 1%5)' For both WgtersheQS, the storm yielding the high- Samples from perennial flowing streams in WS 166, WS
est DSi was not asspc!ated with the greatest storm dlsqha}rg 72, and WS 182 were collected as grab samples and so
There was more variation between dlgcharge and in DSiyiel nly instantaneous DSi yields were calculated for these sites
for WS 127 than WS 115. For both sites, however, the over-(Fig_ 6). As with the proportional flow samples from the two

all relation of DS,i with Qischarge suggested that changes incorn watersheds, instantaneous DSi yields increased with
flow control relative DSiyields. discharge. To compare among all sites, the DSi yields were
divided by specific discharge to calculate the average DSi

Biogeosciences, 9, 94955 2012 www.biogeosciences.net/9/941/2012/
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individual storms plotted with specific discharge (mm) associatedgjy g pissolved silica yields for discreet sampling events from

with individual storms. WS 166, WS 172, and WS 182 plotted with instantaneous annual
specific discharge (mm).

per mm of flow each year (Table 3). The two cornfields

with no baseflow had DSi yield to specific discharge ratios

(0.057, 0.052kgmmta1) that were less than the other

sites £0.080kgmntta1). A chemical mass balance per-

formed using yields from both cornfields and all perennial5 1 Hvdrol ¢ aariculturall dland

sites showed that DSi yields are 39—-50 % lower in stormflow™ ydrology of agricufturally managed fahdscapes

(i.e. surface runoff) than in baseflow. This means that DSi ) .

yields from the two corn watersheds are as much as 37 of?f the NAEW watersheds studied, the agriculturally man-

5 Discussion

lower than the forested site per mm of flow. aged watersheds generated far more storm runoff per area

than the forested watershed. Of the perennial stream sites,

4.3 DSiin relation to chemical applications in the the forested watershed had the least stormflow, suggesting a
NAEW and in the Ohio River Basin higher percentage of recharge. The lack of hydrologic differ-

ence after the conversion of WS 115 from a tilled corn to a
NAEW sites with liming applications also had applications no-till corn watershed is likely because in only 2 years, this
of mineral N-fertilizers and N-rich manure. The relations site had not yet developed well-defined macroporosity and
among C&"+ Mg?t, DS, NG;, and alkalinity can be used soil structure associated with some long-term no-till prac-
to illustrate how agricultural chemical applications can af- tices. Conversion of agricultural practices does not always
fect silicate weathering. In the tilled corn watershed (WS result in immediate shifts in soil conditions that affect hydro-
127), the range of Ga and M¢** concentrations was simi- logic routing (Johnson-Maynard et al., 2007). Given that all
lar to the no-till corn watershed (Table 2). DSi had a greaterof the investigated land management types are found in sim-
range 0.1-180 uM in the tilled corn and the maximumNO ilar soils, the present hydrologic differences between these
concentration (3120 uM) was more than an order of magnitwo corn watersheds may be related to differences in their
tude greater than the maximum observed in the no-till waterslopes. Most of WS 115 has a slope between 2 and 6 %,
shed (110 pM). Median concentrations of DSi were slightly with a maximum of 12 %, while most of WS 127 had a
lower (<104 pM) in the stormflow only corn watersheds (WS slope between 6 and 18 % (Kelley et al., 1975). Runoff typ-
115, WS 127) than in the watersheds with perennial streamgally increases in croplands with greater slopes (Ekholm et
(=131 uMm). al., 2000). Slope, however, does not explain major differ-
ences among croplands and forested watersheds, because the
forested WS 172 had the steepest slope, but the lowest cumu-
lative runoff. Greater precipitation interception, effective soil
cover, and improved infiltration generally reduce runoff in
forested areas with respect to altered landscapes, especially
during more intense storms (Calder, 1992; Fohrer et al.,
2001). Activities like grazing and tilling reduce infiltration
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Table 2. Ranges and (median) concentrations of DSi,gN(O:a?J“, Mg?*, and Alkalinity. The number of samples)(only include those
that were collected for all constituents on the same dates throughout the October 2008—February 2010 sample period.

Watershed n  DSi (uM) NO3 (UM) Ca&t (mM) MgZt (mMm) Alkalinity* (mM)

WS 115 13 36-123(92)  9-110(38)  0.06-0.36 (0.29) 0.09-0.38 (0.26)  0.51-1.15 (0.86)
WS 127 13 0.1-180(103) 3-3120(189) 0.12-0.93(0.42) 0.13-1.01(0.45) 0.61-3.93 (1.11)
WS 166 11 106-171(132) 8-155(41)  0.13-1.23 (0.51) 0.14-0.96 (0.39) 0.53-2.55 (1.25)
WS 172 14 27-199(148) 0.1-47(15)  0.10-1.20 (0.46) 0.10-0.61(0.26) 0.34-3.83 (0.89)
WS 182 12 89-162(132) 0.8-125(22) 0.26-1.06 (0.67) 0.14-0.50(0.24) 0.38-2.00 (0.73)

*Alkalinity estimated as equivalent to HGO

and increase surface runoff (Asner et al., 2004; Gilley et al.

3. . . 2 _1 . .pe . _
1996; Gordon et al., 2008; Logan et al., 1991). Table 3. Mean DSi yield (kg kmr<yr—+) divided by specific dis

charge (mm km?) for NAEW watersheds to calculate average an-

) - ) nual DSi yield per mm flow = number of samples.
5.2 The relation of silicate weathering to hydrology and

its implications

Site n  Ratio (kgmnmlyr—1
Chemical fluxes in agriculturally managed landscapes are WS 115 Corn No-Till 18 0.057
largely related to surface applications (e.g. liming, fertil- WS 127 Com Till 21 0.052
izer and manure applications), but are controlled primar- WS 166 Mixed-Use 14 0.080

WS 172 Forested 15 0.091

ily by changes in discharge (Basu et al., 2010; Raymond
et al.,, 2008). Similarities between DSi yields and flow
for all perennial watersheds (i.e. forests and mixed use)
suggested that small differences in relative contributions of
storm or base flow do not affect DSi yielded per equiva-
lent discharge. The perennial NAEW watersheds had beFor example, total annual streamflow in the Cedar River at
tween 67 and 87 % baseflow contributions. The storm-Cedar Rapids, lowa increased by more than 100 % between
flow only corn watersheds had DSi yields that were as lit- 1940 and 2003 in response to greater baseflow resulting from
tle as two-thirds of the DSi yield from the perennial flow the conversion of seasonal vegetation to annual vegetation
sites (Table 3). This is consistent with previous findings (i-e. soybeans) (Zhang and Schilling, 2006). Similarly, the
from across the United States where mean stream DSi corlowa River at Wapello, lowa (05465500), which is fed pri-
centrations (baseflow+stormflow) were 18 % less than mearnarily by the Cedar River, experienced mean decadal flow
groundwater DSi concentrations (Davis, 1964). Similarly, increases of-40 % during 1980-1990 and 1990-2000 while
DSi loads were lower in less permeable coastal watershe®Si yields increased by 90 % (calculated from Aulenbach

in North Carolina, USA, that had lower baseflow contribu- etal., 2007). Such DSiincreases suggest that landuse conver-
tions than in the adjacent watershed with more permeabléions altering hydrologic pathways are a major influence of
cover (Loucaides et al., 2007). Total flow recorded at thesilicate-weathering rates. Low mechanical weathering, how-
Ohio River at Metropolis, lllinois <30 km upstream from €ver, can be associated with lower DSi concentrations (Roy
the downstream-most Ohio-Tennessee River Basin station &t al., 1999).

Grand Chain, lllinois) increased by 9.2 % during 1940-2003, Landuse also influences the amount of silica taken-up and
with approximately proportional increases in both base andeturned to the landscape by biomass (Alexandre et al., 1997;
storm flow (Zhang and Schilling, 2006). Overall shifts in Derry et al., 2005; Sommer et al., 2007) and in agricultural
Ohio River DSi yields through this time period are unlikely landscapes some silica could exit the system with the re-
to have a strong relation to changes in percent baseflow. Amoval of the crops. In the Hubbard Brook Experimental For-
Anova Two Way statistical test performed without replica- est DSi yields increased for up to 20 years after forest har-
tion revealed that mean DSi loads normalized to flow werevesting and the decay of associated remains (Conley et al.,
not statistically differentd = 0.05, p < 0.05) for the Ohio-  2008). Hence, in the NAEW sites, with more time and fur-
Tennessee River Basin for each three decadal ranges of sartier hydrologic evolution there could be greater differences
pling (1980-1989, 1990-1999, 2000-2009) (calculated fromin overall DSi yields between distinct landuse types. Future
Aulenbach et al., 2007). Other tributaries of the Mississippirunoff projections have already been projected to increase
River, however, have experienced appreciable increases iBSi yields throughout North America by 12.8 % (Moosdorf
relative baseflow contributions (Zhang and Schilling, 2006).et al., 2011b). It is unclear how these projections for DSi

WS 182 Unimproved Pasture 20 0.090
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yields might be affected by increased agricultural landuse watershed, this is likely to related to nitrogenous fertilizer
What is known is that long-term>250 years) agricultural applications as described above. The response in the forested
sites in the Scheldt watershed have substantially lower basesite, however, may be indicative of other processes enhancing
flow yields of silica (mostly DSi) than long-term forested nitrification-released acids. For example, leaf litter decom-
sites (Struyf et al., 2010). Our study, therefore, suggestgposition has been shown to enhance nitrification-associated
the importance of evaluating silica yields through varying silicate weathering in mature temperate forests (Berthelin et
time scales and through both base and stormflow conditionsal., 1985). The relation between nitrification and chemical
Losses in baseflow yields of Si in croplands may be balancedveathering in forested sites probably depends on the dom-
by gains in Si weathered by fertilizers in surface runoff. inant tree cover and resulting litter decomposition. In the
Pacific Northwest enhanced nitrification occurred beneath a
5.3 Effects of nitrogen fertilizer/manure applicationson 50 year-old stand of red alder, which generated greater ex-
silicate weathering changeable cation loads than a neighboring Douglas fir stand
) _ with lower rates of nitrification (Van Miegroet and Cole,
Of the NAEW agricultural watersheds, only the tilled 1984). As mentioned, deforestation at Hubbard Brook Ex-
comn had significant positive correlation between {Ca perimental Watershed in New Hampshire, USA resulted in
Mg?*)/alkalinity and DSi (Fig. 7). This, coupled with the - short—term increases in the export of DSi (Conley et al.,
overall greater concentrations of Qn the tilled com (WS 2008g), at the same time rates of denitrification increased
127) with respect to other agricultural watersheds, may bg( jkens, 2004). Therefore, it is possible that denitrification
indicative of NH;” enhanced weathering of silicates (Eq. 1) processes in forested sites also enhance silicate weathering.
and carbonate minerals (Eq. 2) as a result of nitrification of psi concentrations in the Ohio-Tennessee River Basin
N fertilizers (Barnes and Raymond, 2009). also had a significant positive relation with @a +
Mg?+)/alkalinity. The geochemical similarity between the
larger basin and the tilled NAEW corn field and forested wa-
tershed is not surprising considering that the Ohio-Tennessee
River Basin is dominantly composed of agricultural lands
NH} + 20, + CaCQ— > NOj3 + H20 + 2C&t + 2HCQ; + H0 (2) and forests (Oh and Raymond, 2006). The distinction is that
the weathering of DSi occurs at a slightly10 % and 30 %)
In soils, NHI in nitrogeneous fertilizer and manure produces greater rate with respect to losses of alkalinity in the Ohio-
protons (H") that can oxidize silicate minerals and release Tennessee River Basin than in the NAEW corn and forested
base cations and silicic acid §8i04) from silicate minerals.  watersheds, respectively. While this may relate somewhat
Furthermore, HCQ released from soil and lime weath- to differences in sampling strategies and/or scale, it likely
ering is titrated via H thereby releasing CQinto the at-  also relates to differences in landscape age. The NAEW wa-
mosphere. This results in losses of alkalinity with respecttersheds overlie Paleozoic-aged sediments similar to much
to base cations (Berthelin et al., 1985; Gandois et al., 2011pf the Ohio-Tennessee River Basin but the NAEW sites are
Perrin et al., 2008). Losses of alkalinity have been evalu-not overlain by Pleistocene glacial till. Unglaciated por-
ated previously by examining the relationship betweefiCa tions of Ohio, including where the NAEW is located, have
+Mg?t and alkalinity (Barnes and Raymond, 2009; Perrin etsoils depleted in exchangeable cations with respect to their
al., 2008). When losses occur, the {€a Mg?*)/alkalinity younger counterparts derived from recent glacial till (Buol et
ratio increases (Barnes and Raymond, 2009). Specificallyal., 1997). N-fertilizers may have a greater impact on silicate
ammonium oxidation leads to the weathering of silicate andweathering rates in the younger soils and lithologies in the
carbonate minerals and the generated acid transforms bica®Bhio-Tennessee River Basin. Chemical weathering rates are
bonate into C@ (Barnes and Raymond, 2009). To under- related to landscape age (Riebe et al., 2004) and laboratory
stand the relation between silicate weathering and weatherexperiments suggest not simply mineral dissolution (White
ing associated with losses of alkalinity due to nitrification and Brantley, 2003). Soils derived from the young glacial
released acid, (G4 + Mg?*)/alkalinity ratios were plotted moraines have greater weathering rates than older landscapes
versus DSi concentrations for all watersheds (Fig. 7). Only(Taylor and Blum, 1995). In the Chesapeake Bay region, in-
the forested (WS 172) and tilled corn (WS 127) have a signif-creases in silicate weathering in croplands relative to non-
icant positive correlation(=0.05, p < 0.05) between (C& croplands were found in the Coastal Plain but no trends were
+ Mg?*)/alkalinity ratios and DSi (Fig. 7). The (B +  observed in the Piedmont (Liu et al., 2000). Landscape age,
Mg?t)/alkalinity ratio also had a significant positive corre- and hence previous exposure to weathering agents, may ex-
lation (@=0.05, p < 0.05) with DSi in the Ohio-Tennessee plain this as Coastal Plain sediments were derived from Pleis-
River Basin. tocene glacier flooding and ocean uplift, while the Piedmont
As with the tilled corn site (WS 127) the forested loca- is much older and ranges from Proterozoic to Paleozoic in
tion (WS 172) had a significant positive linear relation be- age.
tween (C&t + Mg?t)/alkalinity versus DSi. In the corn

2NH] + 40, + CaSiQ— > 2NOj + Hz0 + Cat + HaSi0s + 2H' (1)
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Fig. 7. (Ca2++ Mgz+)/alkalinity molar ratios vs. DSi concentrations for NAEW watershe@s: 115 Corn No-Till, (B) 127 Corn Till,
(C) 166 Mixed-Use (D) 172 Forest(E) 182 Unimproved Pasture, aiffl) the Ohio-Tennessee River Basin. Significant50.05) linear
correlations are shown with a black line.

There was greater variability in DSi concentrations ob- small-scale NAEW sites and the Ohio-Tennessee River sug-
served in the Ohio-Tennessee River Basin than in the NAEWgest that nitrogenous fertilizer applications are important to
sites (Fig. 7). This might be related, in part, to the greaterthe weathering of silicate minerals.
number of samples or greater time span of sampling for the
Ohio-Tennessee River Basin, thus affecting the magnitudé.4  Silicate weathering yields and CQ consumption
of hydrogeochemical response. Yet, the large-scale of the
Ohio-Tennessee River Basin may be subject to greater bioThe weathering of silicate minerals regulates atmospheric
geochemical processing than observed at smaller scale. F@O, concentrations and global temperatures over geologic
example, throughout the Mississippi River Basin and its ma-timescales (Berner, 1995; Raymo and Ruddiman, 1992;
jor tributaries diatom production, which affects the uptake Walker et al., 1981). Enhanced rates of silicate weathering
of both DSi and N@, may be enhanced upstream of dams by carbonic acid decrease atmospherico@@ncentrations
(Goolsby et al., 1999). Spatial and temporal variations inand, hence cooling occurs from lowered greenhouse gas ef-
spring rainfall might also affect N-leaching from agricultural fects. Little work has examined silicate weathering or the as-
watersheds (Donner and Scavia, 2007) and hence the integsociated C@ consumption associated with agricultural land
action of N with silicate minerals. Furthermore, some soils management (Liu et al., 2000; West et al., 2002). Yet, under-
within the larger watershed might have greater sensitivitystanding the affects of landscape alteration on silicate weath-
to other acids, like sulfuric, delivered via fossil fuel burn- ering rates is critical to evaluating the role of human activities
ing. However, in spite of these scaling differences, both theon the global biogeochemical cycles of silica and carbon.
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Table 4. Potential Silicate Weathered via Fertilizer (PSWF) calculated from Eq. (3). Total annual DSi yield for NAEW sites and the Ohio-
Tennessee River Basin (DSi and jl@®om Aulenbach et al., 2007). Maximum G@onsumption if all DSi is weathered via carbonic acid.
Minimum CQO, consumption = Maximum-PSWF.

Sites DSi NG@/2 b* DSi-b  PSWF DSiyield Max CQflux Min CO> flux
©M) M) @M)  (uM) (M) (kgknT 2y (mol103km=2yrt)  (mol*103km—2yr—1)
WS 115 Corn No-Till 92 19 -9 101 21 370 26 20
WS 127 Corn Till 103 94.5 27 76 70 520 37 12
WS 166 Mixed-Use 132 20.5 101 31 4.8 2210 157 152
WS 172 Forested 148 7.5 50 98 5.0 2730 194 188
WS 182 Unimproved Pasture 132 11 159 0 0 3080 219 219
Ohio Tennessee River Basin 181 37.5 10 171 35 2560 182 147

*b intercept shown on Fig. 7.

Silicate weathering yields for the NAEW sites were cal- created with the downloaded USGS data for The Ohio River
culated based on 2008 total annual flow using a linear bestat Dam 53 near Grand Chain, lllinois (Fig. 7).

fit regression (Table 4). Maximum GQronsumption rates For the perennial streams in the NAEW, annual sili-

were calculated based on the assumption that silicate mincate yields (2210-3080 kg krd yr—1) and maximum associ-
erals weathered in carbonic acid release one mole of DShted CQ consumption rates (1.57—219° mol km2yr—1)

with two moles of CQ consumed (Edmond and Huh, 1997; were similar to those calculated for the entire Ohio-
Goldsmith et al., 2008). Cation charge balance equationgennessee River Basin (Aulenbach et al., 2007) (Ta-
were not used to estimate G@onsumption rates from sili- ple 4). However, silicate weathering yields (370,
cate weathering given that agricultural sites were loaded withs20 kg knt2yr—1) and maximum C® consumption rates
lime (C&*, Mg®"), potash (K, CI") and manure. Recall (<3.7:10* molkm~2yr—1) were substantially lower for the
that 1 mole of DSi is weathered in association with 2 molestwo corn watersheds than in the watersheds with perennial
of NO3. The potential silicate weathered by via fertilizer streams. As previously discussed, the lower DSi yields for
(Eq. 3) is hence: the two corn watersheds are thought to result from the lack
3) of Si-enriched baseflow contributions to these sites. Soil
silica depletions noted in temperate agricultural landscapes
(Clymans et al., 2011) may also be related to enhanced losses

Therefore, minimum C@consumption rates were estimated ©f Si from fertilizer-enhanced weathering.
by subtracting the potential silicate weathered by fertilizer ~As previously noted, water routing differences are respon-
from the maximum C@ consumption (Table 4). These esti- Sible for the greater DSi yields in the NAEW sites with base-
mates may be low given that silica may be retained in natuflow compared to those without baseflow. However, natural
ral impoundments along the watershed (Triplett et al., 2008) itrification processes in the forested site (WS 172) and N-
however, we suspect little silica removal from harvest, givenfertilizer enhanced nitrification (WS 115, WS 127, WS 166)
the negligible concentration of silica in feed corn (Lanning also affects the reactions controlling silicate weathering, and
et al., 1980). hence the DSi produced. Although the no-till corn (WS 115)
Note, for this calculation, it was assumed that all NO yielded the lowest median DSi, the tilled corn (WS 127) with
(* precipitation subtracted) released corresponds to silicatgreater NQ concentrations had less silicate weathering as-
minerals weathered by NHoxidation. In the N-fertilizer — sociated C@ consumption because of its greater weathering
weathering of silicates two moles of NOare released in via nitrogenous fertilizer. Furthermore, both fertilized corn
association with one mole of DSi released. The exceptionvatersheds had a greater percentage of potential weathering
was the DSi not associated with losses of alkalinity or theof silicate minerals via acids produced from N fertilizers than
y-intercept from the plots of (Ga+Mg?")/alkalinity ver- the other NAEW sites. The lack of baseflow in the NAEW
sus DSi. This correction accounts for alkalinity lost to other COrn sites may enhance the exchange of nitrogenous fertiliz-
non-precipitation sources of acid that might weather silicateers and therefore, the oxidation and release of protons with
minerals. DSi yields and N§yields used to understand the surface soils.
relation between DSi and NOn the Ohio-Tennessee River  Calculations of minimum potential GOconsumption
Basin were calculated by area normalizing annual loads refor the mixed-use watershed (166) also reflected mini-
ported in Aulenbach et al., 2007. The DSi unaffected bymal N-fertilizer additions to this landscape. Less than
nitrogenous fertilizer applications was determined from the4 % of the DSi produced is associated with ){ill—bx-
y-intercept in the (C& +Mg?*)/alkalinity versus DSi graph idation/weathering, corresponding to a decrease in, CO

PotentialSilicateWeatheredbyFertilizer
=[(NO3)/(2) * (DSi—b)]/DSi
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consumption of~5.010> molkm=2yr—1. While losses of Silicate weathering in corn watersheds that solely had sur-
alkalinity corresponded to increased silicate weathering inface runoff was enhanced by the application of nitrogenous
the forested site, there was a substantial amount of DSi notertilizers but DSi yields were still far lower than watersheds
solubilized through the nitrification process. Minimum £0 that had baseflow (with or without N-fertilizer applications).
consumption that included the affects of nitrification, there- However, clearly the application of nitrogenous fertilizers
fore, was only~5.010° molkm—2yr—1 |ess than the max- enhances silicate weathering. Greater rates of DSi weathered
imum (1.9410° molkm~2yr—1) estimated C@ consump-  associated with alkalinity loss in the larger Ohio-Tennessee

tion. River Basin compared with all NAEW sites suggest that soil
NAEW watersheds with perennial flow had simi- age is probably important in the reactivity of silicate min-

lar DSi yields and associated maximum £QCon- erals to weathering agents. The younger soils derived from

sumption to the Ohio-Tennessee River Basin. Fur-the glacial till-covered portion of the Ohio-Tennessee River

thermore, minimum C@ consumption associated with Basin are likely more responsive to nitrogenous fertilizers
silicate weathering in the Ohio-Tennessee River Basinthan the older NAEW soils derived from unglaciated ma-
(1.4710° molkm—2yr—1) was similar to the mixed-use terial. In fact, reactions with nitrogenous fertilizers poten-
NAEW watershed (1.52.0° mol km~2yr—1). However, this tially generated up to 20 % of all DSi yielded from the Ohio-
may not simply reflect similarities in landuse types. Firstly, Tennessee River Basin between 1979 and 2009. Silicate
baseflow represents approximate two-thirds of the Ohio-yields are sensitive to landuse-induced alterations in hydrol-
Tennessee River Basin total flow (Zhang and Schilling, 2006)ogy (e.g relative contributions of baseflow) and N fertilizer
and it composes three-quarters of the total flow in the NAEWapplications. Finally, because of the interaction of fertilizer
mixed-use site. Secondly, DSi increased at a greater rate iwith soil minerals, CQ consumption calculations associated
association with losses of alkalinity in the Ohio-Tennesseewith silicate weathering need to consider applications of fer-
River Basin than in any of the NAEW sites. DSi weather- tilizers. This consideration becomes even more important as
ing and associated GQconsumption are likely controlled the global application of fertilizers continues to grow (Pon-
by hydrologic routing and N-fertilizer applications. Routing gratz et al., 2008). Future research is needed to understand if
differences may have a greater affect on DSi yielded fromsoil silica pools are lowered in response to enhanced weath-
older lithologies where surface soils are especially depletecering from fertilizers. In addition, more work is necessary to
in weatherable minerals with respect to the regolith. Even theclassify how distinct lithologies and landscape age relate to
depth of groundwater exchange is important to DSi weathersilicate response to fertilizer applications. Our results sug-
ing for older lithologies. A Precambrian granitic watershed gest that some agricultural landuse types that shift toward
in Shenandoah National Park, Virginia, USA had greaterless baseflow may enhance fertilizer weathering of silicates.
available silica for weathering at greater depths within the

groundwater zone (Scanlon et al., 2001). But as previouslyBupplementary material related to this

noted, N-fertilizers may be especially effective in weather- article is available online at: http://www.biogeosciences.

ing silicate minerals in younger soils and lithologies, hencenet/9/941/2012/bg-9-941-2012-supplement.pdf

explaining why silicate weathering in the Ohio River Basin
may be up to 20 % affected by nitrogenous fertilizers. It is
also important to note that while nitrogenous fertilizer en-
hances weathering response, repeated fertilizer applicatio
likely deplete soil silica pools through time.
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