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Field-Scale Study of Nitrate Leaching from Agriculture

Problem: Nitrate (NOj5’) from
fertilizer leaching into groundwater Source area

This Project:
Field-scale (small)
Orchard study site in Modesto, CA

» Experimental fertilization method VZ

« AgMAR field experiment model
 Field data collection

* Vadose zone and groundwater models

Result:
* Model long-term groundwater quality GW
underlying the almond orchard model

¢ Future scenario assessment
Created in BioRender.com bio

* Model uncertainty with stochastic

approach (Monte Carlo simulation)
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Figure: Transport of nitrate from fertilizer to groundwater wells
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Project Takeaways

1. Experimental fertilization was more efficient = less nitrate
leaching

2. Water quality concerns remain due to nitrate concentration
leaching to groundwater still > MCL (10 mg/L NO3-N)

3. Nutrient management « groundwater quality «> AgMAR?
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Orchard Study Site

"2 Orchard boundary
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* Multi-year study since
2017
 High frequency low
concentration (HFLC)
fertigation since 2018

« 20 water table

groundwater monitoring
wells (20-40 ft bgs)

* Vadose-zone monitoring
stations

« AQMAR (field flooding)
experiment 2022
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Measured Groundwater Nitrate Concentrations

* Median >10 mg/L NO3-N (MCL)

* Average has not decreased in 6 years since switch to HFLC
e Spatial variability: 4-113 mg/L

NO3-N mg/l
80

. 60
40

Site map (left); interpolated nitrate concentrations in monitoring wells (right)
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Geology

Boring Logs X-Section
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Boring logs: complex coarse
and fine sediment layers

* floodplain deposits and
buried channels

Clay « Heterogeneous geology
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Modified from figures by Hanna Gurevich
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1 | INTRODUCTION

Mifraie in gmunl:lwulu is a widespread concern, as concen-
trations continue W rise above drinking water standards in

Abstract

Research is lacking monitoring beyond the rool zone for programmalic or regulatory
assezsment and For onsite monitoring of field- or farm scale agricultural nitrate leach-
ing o groundwater. Here, we investigate the relationship between measurements of
N wt the sediment core scale, the groundwater monitoring well scale, and the field
or farm management scale. Imporiantly, we monitor across the verlical continuum
of rost zone (RZ, o 3 m). deep vadose zone (DVE, 1o 7 m), and upper saturated
aone (SZ, w14 m) in a highly heterogeneous alluvial sediment system, common o
many agricultural groundwater basins. Twenty 14-m-deep sediment cores collected
across 3 56-ha commercial Almond orchard were characterized for texture, water con-
tent, nitrate, and ammoniom. Groundwater nitrate samples (GW) wene also obtained
from monitoring wells installed and screened across the 52 al the coring sites. Mca-
sured parameters were found highly variable at the 0.05-m core sample scale. Mon-
itoring well nitrate concentrations also span over a half order of magnitude despite
the uniform agronomic practices across the orchard. Laterally aggregated. orchard-
scale parameter means exhibited significant vertical trends and differed in variability
between R, DVE, and 52, Within the 57, coarse texture facies nitrate concentrations
were most closely correlated w GW nitrate, confirming the significance of preferen-
tial flow paths within the SZ. The data also indicate significant cormelation between
DVE and GW nitrale concentrations. Our findings have important implications o
developing appropriate onsite monitoring tools of field- or farm-scale N emissions
Lo proundwater.

the United States, Europe, Australia, Canada, and elsewhere
(Baskaran & Coram, 200°%; Dubrovsky, Burow, Clark, &
Gronberg, 2004; Schmaoll, Howard, Chilton, & Chomus, 2006,
Sutton et al., 2001). Mitrate poses several health concerns

Abbreviations: DVY, deep wadose wone (3-7 m); GW, groundwater,

such as methemoglobinemia (blue baby syndrome), and some
types of cancer (Ward et al., 200%). In some of California’s

sampled from moniloring wells (7-14 m); MOCL, maximum conceniralion

kevel; MW, monitoring well; RZ, mod zone (-3 m):; 57, saluraled zome,

sxmpled from core samples (714 m).

most productive agricultural counties, over 40% of tested
domestic wells exceed the drinking water limit for nitrate

This is an open access anlicke wider the lermes of the Crealive Commons Adiibulion Licease, which permils wse, disiribugion and reproduction in any medium, provided e original

work is propery ciled.

& A The Amihors, Vodenr #one foursal published by Wiley Periodicals 1L1C on beball of Soil Science Socicty of America
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AgMAR Experiment

* Flooded three, 700m? plots for 4 weeks
* Directly upgradient of monitoring wells

° Measurements: 50 Water Applied During Recharge Experiment
« Soil tension, water content, nitrate (VZ)

. 40 #
* Head, nitrate (GW) .
Nitrate Concentration in Monitoring Wells S
= | " I =
| 5 8
—— MW8 4: Q
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2 Ne Mo b |2
2 30 V‘ ©
= | jf‘/ =
§ 20— et o paette—ot
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\© . N A9 o o> L
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«lQ
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Hanni Haynes hhaynes@elmontgomery.com / Spencer Jordan shjordan@ucdavis.edu April 18, 2023 8



mailto:hhaynes@elmontgomery.com
mailto:shjordan@ucdavis.edu

Model Development

Vadose Zone Model 3D Groundwater Model
(HYDRUS1D) (MODFLOW-2005 + MT3DMS)
Harvest Interpolate  e———— Recharge, L
Growth D N concentration input
T X 20 profiles 0 ot

Transpiration
A
Water

Fertilizer Lateral

gw outflow

&‘; L ®
%EEL.—.;&._.

Lateral
gw inflow

Soil Nutrients

moisture (Nitrate)

*50x vertical exaggeration

Created in BioRender.com bio

Output: MW nitrate concentration
Simulation period: 1957-2099 (142 years)
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Heterogeneous Geology
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Geologic heterogeneity
based on soil maps and
detailed boring logs
(Gurevich et al. 20%0)

Vadose zone model: 19
sediment textures

Groundwater model: 4
hydrofacies

Randomly sample
parameter space for
estimated soil hydraulic
parameter range

Conditional Monte Carlo
simulations

Tune parameters with field
data
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Model Calibration

Vadose Zone model: Groundwater model:

* Root uptake parameter to reported « B.C. parameters to observed gw
harvested N (in lbs/ac) heads

 Unsaturated soil hydraulic parameters ¢ Constrain hydraulic conductivity from
to soil moisture during flooding orchard slug tests (16-18 m/day)

experiment
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Vadose Zone Model Calibration to AGMAR Field Data

Volumetric Water Content Comparisons
l l l Depth = 20 cm Depth = 60 cm

* Volumetric water - 20em N
content in 6 of the 24 60 cm

e
® o
sediment textures - -
100 cm
lO 4
|
°®

2022 -May 2022-Jun 2022-May 2022-Jun
Depth = 100 cm Depth = 300 cm

e Accounted for 35% of
the total profile lengths
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e e e [~ ——
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Calibrated Vadose Zone Results

Modeled Nitrate Concentration in Groundwater Recharge

* Results from 20 different 1-D profiles, 140 | e mitrate cancentratian
co-located with groundwater wells i Spatial variability of nitrate
120 B " concentrations
] --=- Switch to HFLC
. 1
« Even under HFLC, recharge nitrate i
concentrations remain high at a mean __ 100+ !
Of 25mg/L "_I& / i Delayw leaching response from HFLC
* Recharge is low because of E o | !
. . . . . . (- I
efficient irrigation/dry climate S \/
©
S . i VY
« Compared to mass balance calculated g ! \\/\/
from farmer records (harvest, fertilizer, O i
irrigation) 1 i
* Both ~40% reduction in leaching ﬂv\\ ﬁw
SRR e o
|
* Predicted recharge and nitrate leaching i
used as input for MODFLOW-MT3DMS ® 1960 1980 2000 2020 2040 2060 2080 2100
groundwater model Year
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Groundwater Results

Modeled Nitrate-N Concentrations at MW Locations

* Groundwater results using HYDRUS Mean Concentration and Spatial Variability Across Single Realization

predicted recharge and N leaching, across , e T T
. : T WTCIC (0]
the 20 well locations i W 1 T mbn mcd
100 1 i —— Simulation
i —— Field Data
« Modeled range and rate of increase of : ,
nitrate concentrations matches observations 80 - ! _ :
. : V ~30 year delay in modeled nitrate decrease
—l I from start of HFLC
~ 1
5 i
« Average nitrate reduction starts ~30 years — Nif
from start of HFLC f}
©)
b=
« Concentrations remain high even with 95%
nitrogen use efficiency in model
 Spatial variability in groundwater nitrate

concentrations driven by spatial variability in

: OP DR OO ® DD LD
leaching from vadose zone KOG SRRSO AN IR M IS DN
Year
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AgMAR Modeling on Single Orchard Plot

* Applied about 900cm of total water to each of the three recharge basins over four weeks
* Model successfully captures increase in hydraulic head and decrease of N concentrations due to flooding
e 1.5m groundwater mound observed in the field and the model

Modeled Head Response to AgMAR .
Stress period 325.0, 2020
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Effect of AQMAR on NO3-N Concentrations

* Rapid reduction of nitrate in the short-term = Matches observed data very well
* Did not improve long-term N reduction, concentrations go back to pre-AgMAR in about 10 years
* Plot-scale experiment, shows promise for larger scale AgMAR to improve water quality

Effects of AQMAR on NE2 Groundwater Nitrate Effects of AQMAR on NE2 Groundwater Nitrate
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Can we Increase Long-Term Water Quality with AgMAR?

e Yes! But need a lot more water... * Simulated flooding of entire NE block, about

60 -

50

NO3-N (mg/L)

N
o

10+

B
o

w
o

50x the size of recharge basins

Modeled Nitrate Concentrations in NE2 Block
Baseline and Large-Scale AQMAR Models

RN ——-— Swtich to HFLC * Water use goes up from 15 acre-ft to 750
AREl pes ---- AgMAR Event acre-ft
i | - "! —— Basline Simulation
: A —— AgMAR Simulation
; * Long-term N reduced significantly
[}
L "‘. e Limitations exist in implementing AgMAR at

r this scale
; * Future work: optimize flooding frequency
and magnitude = Realistic scenarios
{8 * Suggests a small number of larger
1 flooding events could reduce nitrate
1 concentrations below MCL

5 D D D DO OO DD DD (DD DD DA A9 D DD DD O
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Conclusions

What we did:

* Modeled nitrate.leachin? from an almond orchard at the field-scale and
examined resulting shallow groundwater quality

* Modeled nitrate leaching/ groundwater quality response to:
 Highly efficient fertilization (HFLC)
* Field flooding (AgMAR)

What we found:

* HFLC = ~40% less nitrate leaching, supported by N mass balance
estimates

* Due to low recharge, leaching nitrate concentrations still > MCL
« With AgMAR, diluted nitrate concentrations < MCL
What's next:

. Uselrpodel to find scale/frequency of AQMAR to support groundwater
quality

Hanni Haynes hhaynes@elmontgomery.com / Spencer Jordan shjordan@ucdavis.edu April 18, 2023
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Questions?

Stress period 325.0, 2020
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Additional Slides
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High Frequency
Low Concentration
(HFLC) "

' 0O @
“ ‘ Kernel Fill Hull Split to Early Leaf

MNearing 3 Weeks Senescene to
Dormancy Bloom T0% Leaf Out 100% Hull Growth Completion Post-Shake Leaf Fall

Few large
e = applications
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small doses to S N not needed yet =
, ] Potential leaching
match the tree's N 3 @ e
g o uoed t aupport now growth
Upta ke curve £ tandﬂuu‘eln;m:-‘m
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improve NUE E
20

Remobilization Uptake and storage Remobilization
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(Figure modified from Almond Board’s Nitrogen BMP)
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Mass Balance Example

HFLC
201 3'201*7 201 8_2021 HFLC = better yleld
average average*
N Mass Balance (Ibs/acre)
HARVEST Kernels 2,115 2,456 HELC =
Fertilizer 227 190/ less fertilizer needed
Atmospheric deposition 18 18
(20 kg/ha) - 281 - 244
Mineralization 36 36
(40 kg/ha)
Crop uptake 156 162
S 0j A Tree growth 43 210 37 208
Denitrification 11 9
* Excluding blocks with young trees
. 71 Ibs/ac/yr 36 lbs/ac/yr
Leaching: (80 kg/ha/yr) (40 kg/ha/yr)

Recharge: 4 cm/yr -
Concentration: 200 mg/L 100 mg/L
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N Mass Balance 2013-2021

(a\',\'exzzs‘l::/':::e‘; 2013** 2014 2015 2016  2017* 2018*  2019*  2020% 2021

HARVEST Kernels 2,010 2,154 2,047 2,032 2,330 2,638 1,874 3,164 2,146

+184 +691 +339 +180 320 +406 +266 +615 +885
+/- std dev.
Fertilizer 240 214.8 1994 242 240 209 190 183 176
Atmospheric 17.84 17.84 17.84 17.84 17.84 17.84 17.84 17.84 17.84
deposition
(20 kg/ha)

Mineralization 35.68 35.68 35.68 35.68 35.68 35.68 35.68 35.68 35.68
(40 kg/ha)

OUTPUT Crop uptake 198 1465 139.2 1382 1584  179.4 127 215 125
Tree growth 37 46 46 43 41 38 35 35 41
Denitrification 12.00 1074 997 1210  12.00 1045  9.50 9.15 8.80

suMMARY — [ENTUT 0.98 090 093 0.75 083 104 085 1.37 0.94
NUE 0.84 0.76  0.77 0.65 072 087  0.70 1.10 0.76
GW Losses 46.82  65.08 57.75 102.22 81.87 3517 72.02  -22.63  54.92

NUE, ot is @ partial mass balance while NUE is the full mass balance.

*Does not include young block SW1

_ **Does not inlude young blocks NW or SE
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Fertilizer Application

Cumulative Fertilizer Application

300 -
block
EEDD' — NET
o e N T I O T NE2
s R
% --- SE
woo b g g SWA
s
|:|_
LN S Y Y S [ S N\

Growing Season
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Irrigation and Fertilizer Application Adjustment for Tree Age

Age of trees in Irrigation adjustment Fertilizer adjustment factor
factor

0.5 0.36
0.5 0.36

0.75 0.45
1 0.75
1 0.75
1 1
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Annual Water Mass Balance

Annual Water Mass Balance
150

100 1
-100 1

10\6 79\& 79\6 79\6 rLQ\’l Q,Q'\% qp\g 797'0 10’7:\
Growing Season

(o))
o

Pre0|p|tat|on

Irngatlon

Mean water flux (cm)
o

&
o
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Manual Calibration of cRoot

MaxX

Model v. Observed N Efficiency for growth
croot=0.035

1.5-

1.0-
o3
D
1§ *  Pre-HFLC
= * HFLC

0.5-

0.0-

0.0 0.5 1.0 15
Observed
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GW Model Soil Hydraulic Parameters

Coarse sand Fine sand Mud Clay

Horizontal hydraulic
conductivity (m/d)

Vertical hydraulic k, =k, /10
conductivity vt
N J1e iRV 1R 0.2-0.3 0.2-0.3 0.03-0.2 0-0.05
1 r m"
T PREE SRR | | 7:53e-6 1.04e-5 1.36e-5 1.47e-5

o

Molecular
diffusion 8.64x105 m?/day

coefficient

120-500 17-120 0.15-1.7 le-3-0.15
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Groundwater Flow Model Performance

Water Levels at Well 20

\

I I ] I ] ]
1990 2000 2010 2020 2030 2040 2050
Date
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