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ABSTRACT

Drainage of tile-riser inlets allow direct discharge of surface
water into tile drainage systems, effectively bypassing soil filtration processes and negatively affecting water quality. Blind
inlets have gained recent popularity in allowing for both
depression drainage and removal of suspended particulate
matter by filtration through a sand/gravel layer. This paper
summarizes blind inlet development and all published studies,
provides new data from dissection of the longest-operating
blind inlet that was recently de-commissioned, and discusses
new ideas for the future of blind inlets, given certain shortcomings. Previous studies, as well as current soil analysis of
the 12-yr old blind inlet confirmed the ability of blind inlets to
reduce sediment and particulate phosphorus (P), with an overall
removal efficiency of at least 40% for each. In addition to sediment and particulate P, soil sampling revealed the ability of the
blind inlet to capture several pesticides: glyphosate, atrazine,
S-metolachlor, and metabolites. Traditional blind inlet sand
media are unable to remove appreciable amounts of dissolved P
compared to alternative media such as steel slag. Enhanced
removal of dissolved constituents could be easily achieved
through use of P sorption materials and organic materials such
as biochar, as well as combination with tile-drain filters.
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1. Introduction

Closed depressions or ‘potholes’ are common geomorphological landforms
found across the glaciated U.S. Midwest (Dreimanis, 1977). These low spots
on the landscape encircled by hillslopes can vary in size (square meters to
hectares) and depth (centimeters to meters; Norton, 1986). Prior
to European settlement, closed depressions served as temporarily flooded to
permanently flooded wetlands; however, over the past 150 years, artificial
drainage systems have been installed in many closed depressions to remove
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water and facilitate crop production (Blann, Anderson, Sands, & Vondracek,
2009). For example, on the Des Moines Lobe in Iowa, it is estimated that 95
to 99% of depressional wetlands have been drained and converted to highly
productive agricultural land (Bishop, Joens, & Zohrer, 1998).
Drainage of closed depressions is often accomplished using a combination of
surface and subsurface (tile) drainage. A surface inlet is typically placed at the
lowest elevation within the depression and routes ponded water directly to the
subsurface drainage network, whereas subsurface drainage lines aid in lowering
seasonally perched water tables. Ponded and subsurface water is subsequently
transported via the subsurface drainage network tens to thousands of meters to
the nearest drainage ditch. It is estimated that the number of closed depressions
with surface inlets in the Western Lake Erie Basin may exceed 75,000
(Feyereisen et al., 2015). In the Minnesota River Basin, more than 250,000
(1–11 per km2) closed depressions are farmed and likely drained (Mueller &
Wehrenberg, 1994). Surface runoff draining through the surface inlet to the tile
drainage network has the potential to transport sediment, nutrients, and pesticides directly from fields to receiving waters. Research in the St. Joseph River
watershed in Indiana demonstrated that the relative area of closed depressions
within the watershed was correlated with the amount of phosphorus (P) conveyed to agricultural drainage ditches (Smith et al., 2008). Tomer et al. (2010)
also reported that surface inlets contributed 50% of the total P in the Tipton
Creek watershed in Iowa.
Modifications to surface inlet design and implementation of management
practices that decrease surface flow rates have been proposed to mitigate
sediment, nutrient, and pesticide loads from closed depressions (Oolman &
Wilson, 2003; Miller, Peterson, Lenhart, & Nomura, 2012; Shipitalo &
Tomer, 2015; Li et al., 2017). In this study, we examine the past, present,
and future of blind inlets as a surface water management practice in closed
depressions. Blind inlets replace traditional surface inlets in closed depressions, whereby a gravel layer overlain with coarse soil is installed and used
to remove ponded water (Smith & Livingston, 2013). The objectives of this
review were to (1) summarize the development, application, and reported
performance of blind inlets as a conservation practice, (2) assess accumulated sediments within a closed depression that has been managed with the
first and longest-operating blind inlet (12 yrs old) for nutrient and pesticide
content, and (3) propose improvements to the blind inlet for increasing
removal of dissolved constituents such as P and pesticides.
1.1. Review of blind inlets

Ponded water in closed depressions is typically drained through use of an
‘open inlet’ or ‘tile riser’. Open inlets consist of an open-ended vertical pipe
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connected to a horizontal subsurface drainage system and extending to or
slightly above the soil surface. Tile risers consist of a plastic pipe extending
approximately 1.0 m above the soil surface with 1- to 2-cm diameter holes
or slots to drain ponded water, or wire cages, which extend 0.25–0.40 m
above the soil surface. Tile risers help filter out large debris (i.e., crop residue) and, in some cases, provide additional time for the settling of sediment
while the water is ponded in the depression. While much less common than
open inlets and tile risers, ‘gravel inlets’, ‘rock inlets’, and/or ‘blind inlets’
can also be used to drain ponded water from depressions and may provide
additional water quality benefits over traditional surface inlet designs.
Jarrett (1997) describes blind inlets as:
“The simplest kind of inlet, a blind inlet, (or French drain), is constructed by
backfilling over a subsurface drainline to the surface with gravel or crushed stone.
The stone is pervious enough to permit water to enter the drain line very rapidly,
but the gravel may become filled with eroded soil in a short time. Blind inlets are
economical to install and may be satisfactory for surface drainage on small watershed
areas for a few years. They operate best when constructed by backfilling the drain
trench with a graduation of gravel and rock, the coarse material at the bottom near
the pipe followed by gradually finer material as the trench is filled. Using a filter
fabric to line trenches will also improve the life of blind inlets”.

The terms, “gravel inlet” and “blind inlet” are often used interchangeably,
although Feyereisen et al. (2015) made a distinction that when a gravel
inlet becomes partly covered up with soil through tillage operations, the
inlet is less visible and therefore termed a “blind” inlet. The blind inlet
takes the place of an open inlet or tile riser through use of a buried bed of
coarse gravel that envelops perforated drain pipes near the bottom (Figure
1), providing an additional advantage of allowing farm equipment to drive
directly over it. The subsurface drain is then connected to a suitable outlet
such as a tile drain or drainage ditch. The coarse gravel layer is usually
covered with a layer of “pit-run gravel” consisting of a mixture of particle
sizes; occasionally, this is capped off with soil. A geo-textile filter fabric is
often used to separate the coarse gravel from finer materials placed on top
of it. The first blind inlet developed for research purposes is described in
Smith and Livingston (2013) and was designed to drain a 2 year 24 h storm
within 36 h. Like the traditional tile riser, water is able to pond at the inlet
allowing for sediment deposition and settling, but the blind inlet additionally serves as a physical filter for sediment. Sediment reduction by the blind
inlet can be estimated through use of single collector removal efficiency
(Ryan & Elimelech, 1996):

3ð1porosityÞgD
r
(1)
sediment reduction ¼ 1  e4
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Figure 1. (a) General diagram of a traditional blind inlet used in surface depressions and (b)
field cutaway view illustrating the drainage components (b).

Where sediment reduction is expressed as a proportion in decimal form,
“porosity” is the porosity of the filter media (decimal form), g is the single
collector removal efficiency, D is the thickness of the filter media bed (unit
length), and r is the average radius of the filter media (unit length). The
value for g is calculated as:
I
g¼
(2)
UCo A
Where Co is the sediment inflow concentration (mass per unit volume),
U is the fluid approach (superficial) velocity (length per unit time), I is the
sediment deposition rate that flows onto the blind inlet (mass per unit
time), and A is the surface area of the blind inlet. The U value is determined by:
Q
U¼
(3)
Aporosity
Where Q is inflow rate (volume per unit time). In practice, after the
value for single collector removal efficiency (g) is determined, that value is
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inserted into equation 1 to calculate the sediment reduction value for the
desired time period. Insertion of the target peak flow rate for the blind
inlet to Q will result in the estimation of a worst-case scenario regarding
sediment trapping. If one has knowledge of the particulate P concentration
for the site, then particulate P reduction could additionally be estimated
(see equations in Penn & Bowen, 2017, chapter 6).
Initial evaluation of the blind inlets showed that they could effectively
reduce sediment and total P losses. In Minnesota, Feyereisen et al. (2015)
monitored drainage from a 65-ha field containing 24 open inlets for three
years before converting them to blind/gravel inlets and continuing to monitor them for an additional three years. Median total suspended solids (TSS)
concentrations were significantly reduced from 97 to 8.3 mg L1, and
median dissolved P from 0.099 to 0.064 mg L1 after the gravel inlets were
installed compared to the open inlets. Although statistical comparison of
TSS loads was not possible due to equipment malfunction, values indicated
that changing from open to blind inlets reduced TSS loads. However, dissolved P loads did not significantly decrease with the change to blind inlets.
The authors attributed this lack of reduction to use of a coarse media with
poor P sorption capacity.
Performance of blind inlets in Indiana was reported in Smith and
Livingston (2013), Smith, Francesconi, Livingston, and Huang (2015),
Feyereisen et al. (2015), and Gonzalez, Shipitalo, Smith, WarnemuendePappas, and Livingston (2016b). For discharge events at the field scale,
Smith and Livingston (2013) reported decreases in total loading for sediment (8.8 and 79.4%), dissolved P (65.1 and 71.9%), total P (50.1 and
78%), and total Kjeldahl nitrogen (TKN; 55.3 and 63.9%), for 2009 and
2010, respectively, for blind inlets compared to tile risers. Feyereisen et al.
(2015) reported similar results for the Indiana field sites; total P, dissolved
P, and sediment loads decreased from the blind inlet, relative to the open
inlet by 57, 60, and 59%, respectively. Gonzalez, Shipitalo, et al. (2016)
reported that blind inlets decreased losses of atrazine (57%), 2,4-D (58%),
metolachlor (53%), and glyphosate (11%) compared to tile risers. Replacing
13 tile risers in a small agricultural watershed in Indiana with blind inlets
was also reported in Smith and Livingston (2013). Catchment scale monitoring revealed potential decreases in sediment and nutrient loading,
although direct comparisons were not possible. The authors showed that
sediment and nutrient loads increased after the installation of blind inlets
due to higher flows, but the increase in loading was less than a paired
catchment in which the open inlets/tile risers were not changed.
Due to the success of the blind inlets in reducing sediment loads, the
NRCS adopted them under Conservation Practice Standard 620, as an
“underground outlet”, in 2012-2013. While blind inlets are expected to
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serve well at reducing sediment and particulate-bound nutrients, they are
not expected to appreciably reduce dissolved P losses since the media used
(i.e., coarse gravel and sand) generally have a low affinity for dissolved P,
as suggested by Feyereisen et al. (2015). For instance, Williams, Livingston,
Penn, and Gonzalez (2019) evaluated flow-weighted mean dissolved and
total P concentrations for the closed depressions in Indiana monitored by
Smith and Livingston (2013) and found no significant difference in concentrations between blind inlet and tile riser. Reductions in nutrient and pesticide load observed at the Indiana sites (Smith & Livingston, 2013; Smith
et al., 2015; Feyereisen et al., 2015; Gonzalez, Shipitalo, et al., 2016b) were
due to changes in flow volume rather than concentration. Previous analyses
of the effect of blind inlets on loading in Indiana assumed that the hydrology of the paired depressions was similar; however, Williams et al. (2019)
showed that this assumption was not valid and that the effectiveness of
blind inlets at decreasing dissolved nutrient load may be less than originally
reported.
2. Materials and methods
2.1. Blind inlet dissection and sampling

While several studies have measured the ability of blind inlets to decrease
contaminant loads, no studies have evaluated soils within the depression to
determine the accumulation of sediment, nutrients, and pesticides. This
study was conducted on previously described paired closed depressions
(i.e., ADE and ADW) in Indiana (Smith & Livingston, 2013; Smith et al.,
2015; Feyereisen et al., 2015; Gonzalez, Shipitalo, et al., 2016b; Williams
et al., 2019). Details on the construction of the blind inlet at ADE are
described in Smith and Livingston (2013). Essentially, a pair of blind inlets
were constructed on closed-depressions located on the same farm and
placed under the same management regime. Each blind inlet (ADE and
ADW) was additionally plumbed with a traditional tile riser including a
series of valves that allowed the blind inlet or tile riser to be opened or
closed independently. Thus, ADE and ADW alternated temporally with
regard to blind inlet or tile riser-mode. Details on agronomic management
and soils are found in the companion paper (Williams et al., 2019). Briefly,
the contributing area to the ADE blind inlet (4.88 ha) was managed as a
corn (Zea mays L.) – soybean (Glycine max [L.] Merr.) – wheat (Triticum
aestivum L.) – oat (Avena sativa L.) rotation. The producer utilized disk
cultivation in the contributing area, but lifted the disks when driving directly on top of the blind inlet. Other than avoiding cultivation, the blind
inlet was treated the same as the rest of the field with planting, harvest,
and fertilizer application. A typical fertilizer program for the Midwestern
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U.S. was employed, and soil Mehlich-3 P (M3-P) concentrations were
maintained at around 15 mg kg1 (considered optimum).
In spring of 2018, the 4.25 x 4.25 m area of the ADE blind inlet (Smith
& Livingston, 2013) was sampled at six different locations using a hand
trowel. Samples were taken at three different depth increments based on
visual assessment in order to capture the following layers of the blind inlet:
deposited sediment, sand mixed with deposited sediment, and pure sand,
corresponding to 0–5, 5–13, and 20–30 cm, respectively (Figure 2). The
sand layer extended down approximately 30 cm where it was underlain by
the geotextile material installed during construction in 2005. At the uppermost layer, six bulk density samples were taken by pounding a 5  5 
5 cm steel square laterally into the exposed profile. Eleven composite soil
samples (0–5 cm) representative of the source of deposited sediment were
taken from various parts of the slope surrounding the depression using a
hand trowel.
Blind inlet samples (n ¼ 6 per depth), surrounding soils (n ¼ 11), and the
original sand media (n ¼ 3) used to construct the blind inlet were air dried
and sieved to 2 mm prior to characterization. Soils were characterized for
total P (TP) by acid digestion (USEPA, 1996), water soluble P (WSP; (1:10
soil: de-ionized water, 1 h equilibration followed by filtration with a 0.45
micron filter), and M3-P (Mehlich, 1984). Phosphorus in the extracts were
analyzed by the Murphy-Riley colorimetric method (Murphy & Riley,
1962). Soil pH was measured in de-ionized water with an ion-specific probe
at a 1:5 soil:solution ratio after equilibration for 30 min. Sand, silt, and clay
contents were measured by laser diffraction (Zobeck, 2004) using a
Mastersizer 3000 (Malvern Instruments, Malvern, Worcestershire, United
Kingdom). Total carbon (TC) and nitrogen (TN) were analyzed by dry
combustion (LECO, St. Joseph, MI). Inorganic carbon (Cin) was distinguished from organic carbon (Cor) by treatment with 6 M HCl and 3%
FeCl2 to selectively dissolve carbonates (Sherrod, Dunn, Peterson, &
Kolberg, 2002) followed by dry combustion analysis. Organic carbon was
calculated as the difference between the treated and non-treated carbon
concentrations.
For herbicide analysis, about 100 g subsamples were freeze-dried in a
Freezone 4.5 freeze-dryer system equipped with a shelf-freezer (Labconco,
Kansas City, MO) followed by homogenization and sieving to pass a 2-mm
sieve. Materials were then stored in HDTP amber containers at 4  C. The
freeze-dried samples were extracted for atrazine, S-metolachlor, 2,-4-D, deethylatrazine, and glyphosate using an ASE-200 Dionex accelerated solvent
extraction system (Sunnyvale, USA) following the method by Jablonowski,
K€
oppchen, Hofmann, Sch€affer, and Burauel, (2009) with slight modifications. Briefly, 1 g of freeze-dried homogenized sample was mixed with 14 g
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Figure 2. Visual representation of selected chemical and physical characteristics of the blind
inlet at three different depths (surface deposition, deposition/sand mixture, and pure sand) after
12 years of operation. The initial sand media used to construct the blind inlet along with soil
from the contributing area are shown for comparison. All chemical and physical parameters are
described in detail with the appropriate statistics in Table 1. P; phosphorus.

of Ottawa 20-30 mesh sand (Fisher Scientific, Hampton, NH) and placed
into 11 mL stainless steel ASE cells with double glass filters on each end to
avoid clogging. The extraction conditions were as follow: solvent was 80%
methanol, temperature and pressure were set at 120  C and 100 bars, with
a flush volume of 60% of extraction cell volume, 6 min of heat-up time,
15 min of static time, and 2 cycles. Total volume extracted was determined
by the solution weight. Extracted solutions were vacuum filtered through
0.45um nylon filters, stored in amber HDPE containers and refrigerated
until analyzed. The filtered solutions were analyzed for glyphosate, atrazine,
deethlyatrazine (DEA), S-metolachlor, and 2,4-D using liquid chromatography following the method by Gonzalez, Shipitalo, et al. (2016b). Briefly,
glyphosate was post-column derivatized in a high-performance liquid chromatography system and quantified using fluorescence detention; whereas
the other four compounds were analyzed using an ultra-performance liquid
chromatography system and quantified using tandem mass detection.
Single-degree-of-freedom contrasts using Statistical Analysis System
(SAS) software (Sas, S. A. S., & S. U. Guide 2003) were used to compare
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(p ¼ 0.05) the measured characterization parameters between blind inlet
samples, the initial sand media used to construct the blind inlet, and soil
from the contributing area directly around the blind inlet. Mean values
were determined using the PROC MEANS statement in SAS software.
2.2. Characterization of potential P sorption materials for use in blind inlets

The traditional material used in blind inlets is coarse limestone gravel. As
an alternative, several other highly permeable materials were collected and
tested for their ability to remove P under flow-through conditions.
Relatively small size fractions of limestone (0.9 mm minus, 0.9 mm minus
and washed, and limestone sand) were obtained from a quarry in
Minnesota (G. Feyereisen, USDA-ARS). A steel slag sample (6.35 mm plus;
average particle size of 18 mm) was obtained from an electric arc furnace
steel mill located in Fort Smith, Arkansas (TMS International). Details of
the flow-through method are found in Penn and Bowen (2017) and Penn
et al. (2016). Briefly, 2 g of each material (duplicated) were placed in a
47 mm diameter plastic cell containing a 0.45 mm filter. A 1 mg L1 P solution made from sodium phosphate and deionized water was delivered
through a 2.5 L Mariotte bottle to achieve constant head on the cell while
the solution was pulled through the materials at a constant rate using a single channel variable-rate peristaltic pump (VWR variable rate “low flow”
61161-354). For each flow-through cell, samples were taken at 0, 30, 60, 90,
120, 150, 180, 210, 240, 270, and 300 min after the start of the experiment.
The P concentration for each sample was tested and compared with the
inflow P concentration to calculate discrete removal (%) at each sampling
event. A flow rate of 0.75 mL min1 was used in order to achieve a retention time of 1.7 minutes. Samples were analyzed for P on the same day as
collected, by the Murphy-Riley method using a Spectronic 21 D at 880 mm
(Murphy & Riley, 1962). The resulting P removal “design curve” (cumulative P loading vs discrete P removal) was then applied to the Phosphorus
removal on-line guide (Phrog) model (Penn et al., 2016) for examining different blind inlet scenarios and their potential for dissolved P removal.
3. Results and discussion
3.1. Dissection and assessment of Twelve-Year old blind inlet

From January 2006 to October 2017, ADE was in blind inlet mode for 76%
of the 549 precipitation events > 6 mm, and for 67% of the 150 flow
events, with the remaining portion of the study period spent in tile riser
mode (Williams et al., 2019). Since the ADE site was not in blind inlet
mode at all times over the 12-year evaluation period, it is impossible to
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determine exactly how much of the sediment deposition can be attributed
to the blind inlet vs. the tile riser. However, when ADE was in tile riser
mode, the time to peak, flow rate, and duration of flow significantly
decreased while peak flow rate, average flow rate, and cumulative flow volume all significantly increased (Williams et al., 2019). These findings suggest that although it cannot be assumed that all deposition at ADE can be
attributed to the blind inlet, the majority of deposition likely occurred
while in blind inlet-mode.
Comparison of soil properties between the initial un-used sand material
utilized in construction of the blind inlet and the various layers of the 12yr old blind inlet provided some insight into the nature of its performance.
In addition, comparison of the sediment source to the blind inlet can also
provide some information about the transport of sediment and nutrients
within the depression (Figure 2 and Table 1). Table 1 shows that the initial
sand media used to construct the blind inlet was rich in C, somewhat alkaline in pH, and low in P and N. Much of the total C in the initial sand
media was carbonate. The soil parameters listed in Table 1 for the initial
sand media can serve as a “signal” for distinguishing between deposited
sediment and initial media. Among these soil properties, sand, silt, clay,
and total P are the most useful, due to their somewhat inert nature.
Regarding deposition of soil and nutrients onto the blind inlet, there are
two possible considerations: a separate distinct depositional layer on top of
the initial sand media, and a mixture of deposited sediment with the
underlying sand media that is diluted or increased by the deposited soil
and nutrients. Based on visual observation and knowing that the producer
intentionally avoided plowing or disturbing the surface of the blind inlet, it
is likely that non-soluble loads contributed to the blind inlet would be
mostly relegated to the surface of the blind inlet. The data in table 1 additionally support this. For example, notice that the visible depositional layer
(0–5 cm) is the only layer that is significantly different from the initial sand
media in pH, sand, silt, and clay. There is a clear accumulation of total N,
silt, clay, and M3-P in the 0–5 cm layer that does not extend (significantly)
into the underlying layers. However, total P is significantly greater in the
two layers under the surface 0–5 cm depositional layer compared to the initial sand media even though clay and silt particles were not significantly
greater in those two layers. This suggests that the accumulated total P in
the 5–13 and 20–30 cm layers may be due in part to sorption of dissolved
P that was leaching downward. Although not significant, WSP was greater
in the two bottom layers compared to the initial sand media.
The high concentration of carbonate (i.e. inorganic C) in the initial sand
media is more prone to dissolution the closer it is located near the surface
as slightly acidic runoff water infiltrates through it and becomes neutralized

6.70
7.59
8.38
8.59
8.58

pH

c
b
a
a
a

1.4
12.8
33.4
36.6
49.1

d
c
b
b
a

18.9
21.8
20.7
21.7
11.4

a
a
a
a
b

1.91
2.81
0.80
0.59
0.34

b
a
c
cd
d

Cin
Cor
TN
———————g kg-1———————
30.3
15.3
36.4
42.8
45.1

b
c
ab
a
a

58.4
66.9
53.4
48.5
47.2

b
a
c
c
c

11.3
17.8
10.2
8.7
7.7

sand
silt
clay
——————%———————
b
a
b
b
b

0.60
1.81
0.75
0.65
0.00

c
a
bc
c
c

14.6
63.0
12.0
7.3
0.0

b
a
b
bc
c

309
713
315
305
203

WSP
M3-P
TP
———————mg kg-1————————
b
a
b
b
c

Cin, inorganic carbon; Cor, organic carbon; TN, total nitrogen; WSP, water soluble phosphorus; M3-P, Mehlich-3 phosphorus; TP, total P. Within each measured parameter, materials possessing the same letter indicate no statistical difference between materials at p ¼ 0.05.

Contributing area
Blind inlet 0 to 5 cm
Blind inlet 5 to 13 cm
Blind inlet 20 to 30 cm
Initial sand media

Material

Table 1. Characterization of the blind inlet at three different depths (surface deposition, deposition/sand mixture, and pure sand) after 12 years of operation. The initial sand media used to construct the blind inlet along with soil from the contributing area are shown for comparison.
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(Table 1). The rainfall in this region is considered acidic where mean
annual pH ranged from 4.73 to 5.65 from 2007 to 2017, according to the
National Atmospheric Deposition Program (http://nadp.slh.wisc.edu/data/
sites/list/?net=NTN). In contrast to inorganic C, organic C throughout the
entire profile was not different from the contributing soil, yet significantly
greater than the initial sand media. Since deposited soil particles were
mostly relegated to the upper 0-5 cm layer, this suggests that the organic
carbon measured below 0-5 cm came from growing plants within the blind
inlet and/or leaching of dissolved organic C from the contributing area.
One additional consideration regarding inorganic carbon is that dissolution
of carbonate followed by loss as carbon dioxide would effectively increase
the concentration of other soil constituents. This might partly explain the
increased concentration of total P and organic C in the 5 to 13 and 20 to
30 cm layers compared to the initial sand media.
Because of the clear distinction in sediment accumulation at the surface
0 to 5 cm depth compared to underlying depths (Table 1), total accumulated sediment and total P was estimated exclusively for the 0–5 cm layer.
Based on the bulk density of the uppermost layer, the blind inlet captured
1435 kg of soil and 1 kg of total P. Using the monitoring data described in
Williams et al. (2019), an estimate of total P loading to the blind inlet was
made in order to calculate estimated total P and sediment capture efficiency. Using the relationship between flow rate and total P loading when
the site was in tile-riser mode, the flow rate measured while in blind inlet
mode was applied to this relationship to estimate the cumulative total P
load into the blind inlet. Over the course of the study, this resulted in
2.45 kg total P estimated to be delivered to the blind inlet (Figure 3).
Calculation using the value of 1 kg total P recovered during dissection
resulted in an overall total P removal efficiency of 40%. Note that this estimate is conservative since the measurement of recovered P is based solely
on the area of the blind inlet itself, when in reality the blind inlet would
have caused additional sedimentation in the area around it due to ponding,
as documented by Williams et al. (2019). Because of tillage, it is impossible
to distinguish between sediment deposited around the blind inlet through
ponding, and the native soil. In addition, since the dissolved P concentrations at this site only comprised a small percentage of the total P concentration in flow, the majority of total P retention can be attributed to
capture of particulate P bound onto sediment, therefore total P retention
efficiency also serves as an approximation of sediment retention efficiency.
Since the contributing soil area was sampled, it is possible to estimate
enrichment ratios for several contaminants. However, such estimates are
considered to be semi-quantitative since soil nutrients among the contributing area were probably not perfectly consistent for 12 years. As expected,
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Figure 3. Estimated cumulative total phosphorus (P) load delivered to (inflow), and through
(outflow), the blind inlet over the monitoring period. The overall total P removal efficiency was
40%, which is considered equal to sediment removal efficiency since only a small portion of
total P was in the form of dissolved P.

clay and silt particles are preferentially transported with a clear increase at
the 0–5 cm layer compared to the contributing soils, and less sand. Because
clay-sized particles contain the highest P concentration among soil size separates, preferential transport of clay particles also results in the enrichment
of total P for deposited sediments. In this study, the enrichment ratio for
silt, clay, M3-P, and total P was 1.14, 1.57, 4.32, and 2.31. In a study that
measured the impact of soil P addition, rainfall intensity, and slope on total
P enrichment ratio, Sharpley (1980) reported a range in P enrichment
ratios of 1.19 to 6.29. The author showed that while P addition increased
enrichment ratio, increasing slope and rainfall intensity reduced it.
Enrichment of total N in the 0–5 cm layer also illustrates the preferential
transport of particulate organic matter (Table 1). The accumulation of
deposited sediment at the surface of the blind inlet is the probable cause of
increased WSP concentrations in the 0 to 5 cm layer compared to the contributing soils and underlying layers, especially considering the enrichment
of particulate P (i.e. total P) and clay particles. Since WSP and M3-P are
directly correlated to dissolved P concentrations in leachate and runoff
(Sims, Maguire, Leytem, Gartley, & Pautler, 2002; Penn, Mullins, Zelazny,
& Sharpley, 2006), it is possible that the accumulated sediment at the surface of the blind inlet could become a dissolved P source since this deposited sediment is enriched in P compared to the contributing area (Table 1).
This is even more plausible when one considers that the surface of the
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blind inlet is a somewhat direct pathway for dissolved P to a tile drain
since leachate moves rapidly through a sand layer that has a relatively low
affinity for dissolved P compared to subsoil minerals.
While it is impossible to glean any quantitative information on the ability of the blind inlet to trap dissolved P from the current dissection data, it
is unlikely that the sand media was able to sorb appreciable amounts of
dissolved P. This is supported by the assessment of flow data for ADE and
ADW by Williams et al. (2019), and the reported performance of several
blind inlets in MN by Feyereisen et al. (2015). In addition, as demonstrated
below, the nature of limestone sand is such that dissolved P has little affinity for such media.
3.2. Herbicide content of blind inlet

Unlike most of the inorganic constituents listed in Table 1 that can either
accumulate in the blind inlet or partly leach through it, herbicides add the
additional complexity of potential degradation. i.e. the lack of presence of
an herbicide can indicate that the compound had little affinity for the
media, low rates applied by the farmer, or degradation/hydrolysis. In this
study, the sum of the herbicide compounds in the different layers of the
blind inlets ranged from 114.37 to 159.50 lg kg1, whereas in the initial
pit-run material and contribution areas, the sum of the herbicide compounds was 7.01 and 60.30 lg kg1, respectively (Table 2), indicating that
herbicide compounds accumulated in the blind inlet. The low content of
herbicide compounds in the initial material was expected since this material
has not been exposed to herbicide applications; in fact, only atrazine and Smetolachlor were observed in this material (Table 2), which may be attributed to cross-contamination during the extraction. Nevertheless, the sum of
herbicide compounds is low in the initial material, relative to the blind
inlet and contributing area.
The accumulation of the herbicide compounds in the blind inlet may be
due to the herbicide properties and composition of the blind inlet (Tables
1 and 3). The atrazine content in the blind inlet layers accounted for 68.5%
of the sum of the herbicide compound measured in this study, followed by
21.5, 6.0, and 4.0% for S-metolachlor, glyphosate, and DEA, respectively
(Table 2). Atrazine is persistent in soil environments (Jablonowski et al.,
2009). In a 5-year study on discharge water from blind inlets, Gonzalez,
Shipitalo, et al. (2016b) reported lower atrazine losses than other herbicide
compounds, suggesting that atrazine is retained more in the blind inlet
than the other compounds analyzed. In contrast, the 2,4-D herbicide was
not detected (Table 2). This herbicide was likely not present in the samples
since this compound is readily water soluble, hydrophilic (i.e. low octanol/

bc
b
a
a
c

2.82
5.37
6.96
4.40
0.00

c
ab
a
b
d

13.52
23.66
35.98
31.35
0.15

c
b
a
ab
d

0
0
0
0
0

61.29
114.37
159.50
147.79
7.01

b
a
a
a
c

The initial sand media used to construct the blind inlet along with soil from the contributing area are shown for comparison. Deethylatrazine ¼ DEA. Within each measured parameter,
materials possessing the same letter indicate no statistical difference between materials at p ¼ 0.05.

38.69
64.17
112.62
112.04
6.86

5.27
21.17
3.94
0.00
0.00

Contributing area
Blind inlet 0 to 5 cm
Blind inlet 5 to 13 cm
Blind inlet 20 to 30 cm
Initial sand media

b
a
b
b
b

Glyphosate
Atrazine
Deethylatrazine
S-Metolachlor
2,4-D
Sum of all compounds
——————————————————————————lg kg-1————————————————————————————————

Material

Table 2. Accumulation of herbicides and herbicide metabolic by-products in the blind inlet at three different depths (surface deposition, deposition/sand
mixture, and pure sand) after 12 years of operation.
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Table 3. Chemical properties of the herbicide compounds analyzed in this study.
Compound
Glyphosate
Atrazine
Deethylatrazine
S-Metolachlor
2,4-D
1

MW
169.1
215.7
187.6
283.8
221.0

Water solubility (Log mg L1)
4.02
1.54
3.43
2.68
4.39

Log KOW1
3.20
2.70
1.51
3.05
0.82

t1/22 (Days)
15
75
212
15
4.4

K : Octanol/water partitioning coefficient, half-life. From Lewis et al. 2016.
ow
Average half-life, from Winkelmann and Klaine 1991.
1/2:

2t

water partitioning coefficient, Kow), has a short half-life (only 4.4 days;
Table 3), and was last applied 889 days before the samples were collected.
Within the blind inlet, no significant differences were observed between
depths regarding the sum of the herbicide compounds; however, there were
significant differences between depths for individual compounds (Table 2).
Contrasting contents of atrazine and glyphosate were observed in the blind
inlet layers; higher atrazine (average 96.27 lg kg1) and lower glyphosate
(average 8.37 lg kg1) contents were observed in the bottom layers, compared to the surface layer (Table 2). These two herbicides are chemically
different; atrazine is less water soluble, more hydrophobic (higher Kow
value), and greater half-life than glyphosate (Table 3). In addition to the
differences between these herbicides, differences in soil properties at different depths within the blind inlet may also help to explain the observed
herbicide distribution (Table 1). While all layers had similar organic C content, the C/N ratios differed (Table 1). The C/N ratio was > 3 times higher
in the bottom layers than the surface layer, suggesting that the organic C
in the bottom layers have more recalcitrant character than in the surface.
In addition to SOM quantity, Ma and Selim (1996) noted that SOM quality
is important to atrazine sorption and desorption. For example, Laird, Yen,
Koskinen, Steinheimer, and Dowdy (1994) found that SOM containing
more carboxyl-rich functional groups were more associated with atrazine
than SOM fractions enriched with aliphatic C, bound hydroxyls, and
amines. Regarding pH, atrazine tends to sorb better at acid pH levels than
basic, due to a pKa value of 1.68.
Glyphosate is a zwitterion at pH 2.6 to 10.6, with positive charge from
the glycine and negative charges from the phosphonic acid moiety
(Sprankle, Meggitt, & Penner, 1975); thus, glyphosate has similar sorption
mechanisms as phosphate (Hance, 1976; de Jonge, de Jonge, Jacobsen,
Yamaguchi, & Moldrup, 2001) and amino containing compounds. The clay
and silt size fractions are greater in the surface layer, which may indicate
that variable charged clay minerals are also more abundant in the surface
layer than in the bottom layers, which contribute to sorption sites for glyphosate and phosphate. The low Kow value (log ¼ 3.2) and high-water
solubility of glyphosate (log ¼ 4.02 mg L1; Table 3) suggest that organic C
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does not play a role in glyphosate retention in the blind inlet layers. In
addition, it is important to consider that the lack of presence of glyphosate
in the deeper layers of the blind inlet could simply indicate that the compound was degraded either biotically or abiotically; the relatively short halflife of glyphosate supports this possibility.
The atrazine metabolite, DEA, was low in all layers of the blind inlet,
relative to atrazine (Table 2), which is attributed to its high solubility and
poor sorption character. DEA is >2 times more water soluble, with lower
Kow value, and more labile than atrazine (Table 3). Based on the distribution of DEA in the blind inlet profile, the lack of accumulation could be
explained by the differences between atrazine and DEA chemistry and lability. For example, it is likely that after atrazine degraded, thereby producing
DEA, the DEA was simply leached out of the system due to greater water
solubility, or the DEA was degraded due to a shorter half-life than atrazine.
The molecular concentration ratio of DEA/atrazine (DAR) has been used
as an indicator of atrazine degradation and transport (Shipitalo & Owens,
2003). In this study, DAR values decreased with depth of the blind inlet
layer (data not shown), suggesting that atrazine degradation was higher in
the top layer relative to the bottom layers. S-metolachlor content follows a
similar trend as atrazine, but at lower concentration; this is expected since
S-metolachlor is more water soluble, thus, easier to leach, and with shorter
half-life than atrazine (Table 3).
Contents of the herbicide compounds in the contributing soils were
lower than the blind inlet layers. This suggests that the blind inlet is indeed
serving as a sink for herbicides. Also consider that the contributing soil
area had not received herbicide applications for some time before sampling;
e.g. application of 2,4-D, occurred 889 days before the sample collection,
663 days for atrazine and S-metolachlor, and 250 days for glyphosate.
Although the water solubility and bioavailability of the blind inlet-bound
herbicides is unknown, they are clearly capable of persisting in the blind
inlet for some time.
3.3. The future of blind inlets

While this and previous studies have shown that blind inlets are effective at
reducing sediment and particulate P and N losses, there remains a need to
improve their capacity to remove dissolved components. To this end, technology developed from P removal structures can be incorporated into blind
inlets in order to improve dissolved P removal. Briefly, P removal structures are landscape-scale filters that utilize P sorption materials (PSMs) for
trapping dissolved P in flowing water such as surface runoff or tile drains.
While P removal structures are diverse in appearance, they all possess four
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main components (Penn & Bowen, 2017; Penn, Chagas, Klimeski, &
Lyngsie, 2017): (i) sufficient quantity of an effective PSM for removing a
targeted P load over a desired lifetime, (ii) placement in a hydrologically
active area with elevated dissolved P concentrations, (iii) the ability to conduct water through the PSM at a reasonable flow rate relative to the site,
yet achieve a reasonable retention time, and (iv) containment and the ability to remove and replace spent PSMs. The blind inlet possesses all of these
components except the use of an effective PSM for removing dissolved P.
Replacement of the traditional sand and gravel media with steel slag or
some other PSM could greatly enhance the ability of the blind inlet to
remove dissolved P. This is particularly suitable since steel slag can be
sieved to achieve a particle size distribution that is conducive to high flow
rates. Consider the example flow-through curves in Figure 4. When normalized for cumulative P loading, the sieved steel slag media removed a
much greater amount of dissolved P compared to the limestone materials.
The shape of these P removal curves (referred to as the “design curve”) dictate the longevity and performance of a P removal structure such as a blind
inlet, or conversely the necessary size of a P removal structure for achieving
a desired P removal and lifetime. For a blind inlet of the typical specifications (previously described) containing about 11 tons of media and an
annual flow volume of 3 million L with 1 mg L1 dissolved P, the 0.9 mm
minus limestone shown in Figure 4 would last only five months and
remove 0.12 kg of dissolved P. Under the same conditions, use of the steel
slag shown in Figure 4 would result in a 3.7-year lifetime with 2.3 kg of dissolved P removed. Details on design and prediction of P removal using
PSMs is described in Penn and Bowen (2017), Penn et al. (2017), and Penn
et al. (2016). Clearly, the more potent the PSM, the greater mass of dissolved P can be removed. In addition to using a media as an alternative to
regular sand and gravel, enhancing normal sand and gravel with other
PSMs would increase the dissolved P removal capacity of blind inlets. For
example, urban bioretention cells, which operate in the same manner as
blind inlets, often incorporate PSMs mixed into sand for enhancing dissolved P removal; several studies have examined incorporating fly-ash,
drinking water treatment residuals, and metal shavings (Zhang, Brown,
Storm, & Zhang, 2008; Liu & Davis, 2013; Erickson, Gulliver, & Weiss,
2017; Kandel, Vogel, Penn, & Brown, 2017). Many other materials can be
used, such as Fe and Al-rich by-products or manufactured PSMs.
Not only can blind inlets be easily modified for improving dissolved P
removal through alternative sorption media, it is also possible to enhance
the removal of pesticides. Most pesticides tend to have a strong affinity for
non-polar functional groups found on organic structures such as soil
organic matter (i.e. a high Koc value). Use of traditional limestone media,
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Figure 4. Discrete phosphorus (P) removal curves for several traditional blind inlet media in
comparison to sieved steel slag. Flow-through curves produced with 1 mg L1 dissolved P.

and even the alternative steel slag has been shown to be poorly effective at
atrazine sorption. Gonzalez, Shipitalo, et al. (2016a) demonstrated that the
organic-based tire “chips” (shredded tires) and an oak-derived biochar were
able to sorb much greater amounts of atrazine compared to steel slag and
limestone. Of the two organic materials, the biochar was far superior
removing 99% of atrazine compared to 42% for the tire chips. Penn,
Gonzalez, and Chagas (2018) quantified the heat of reaction and kinetics of
atrazine sorption to a biochar sample and found that multiple sorption
mechanisms were occurring, broadly described as an initial fast exothermic
reaction followed by a slower endothermic reaction. From this, the authors
determined that the most efficient retention time for this oak-derived biochar for maximizing atrazine removal and minimizing retention time was
five minutes.
Even with the use of PSMs in blind inlets, their capacity to remove dissolved P can be limited based on their small area (about 4.25  4.25 m).
Ultimately, since the depth of the filter media cannot extend below the elevation of the outlet, which is usually a tile drain that extends to a drainage
ditch, the mass of media is limited. Alternatively, one could construct blind
inlets that are large in surface area in order to utilize a greater mass of
media. However, this would increase the cost and difficulty of construction.
As an alternative, a blind inlet that treats water by flowing from the bottom-upward through PSMs would allow for a much greater depth of
PSMs compared to one that traditionally flows from the top-downward
(Figure 5). Theoretically, a blind inlet constructed with flow from the bottom-upward could consist of any depth of PSM and still possess a
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Figure 5. Diagram of a blind inlet designed to treat water as it flows from the bottom-upward
through the phosphorus sorption material (PSM). In contrast to a traditional top-down flow
design (Figure 1), a bottom-upward flow design does not limit the depth of the PSMs as a
function of the elevation of the ultimate outlet.

hydraulic gradient of one or greater. This would allow for a much greater
mass of PSM to be utilized, and fitting it into a smaller, deeper hole compared to a top-down flow design. However, it is important to keep in mind
that such a design will cause the PSMs to be saturated with water at all
times, potentially resulting in reducing conditions. This is particularly
important if the PSMs are rich in Fe oxides/hydroxides as they become soluble under reducing conditions. Such an increase in solubility would relinquish any previously sorbed P.
Blind inlets can also be constructed in combination with another type of
P removal structure, the tile drain filter. The tile drain filter is simply a
buried PSM bed that intercepts tile drainage prior to discharge to a drainage ditch. Since traditional blind inlets that flow from the top-downward
typically contain a small mass of media, the combination of a blind inlet
with a tile drain filter would allow both surface and subsurface water to be
treated in the same PSM bed.
Another advantage of constructing blind inlets, or any P removal structure for that matter, to flow from the bottom-upward, is that such a design
can allow for solids and precipitated flocs to settle out before discharge. A
tile drain filter was recently constructed in this fashion, and also plumbed
directly to a blind inlet (Figure 6). In that case, the blind inlet served as a
sediment filter for surface water, and the resulting water drained into a
buried PSM bed located several meters away, which also treated a 15 cm
diameter tile drain. Figure 6 shows that the combined surface and subsurface water flowed into a manifold that evenly distributed the untreated
water at the bottom of a buried slag bed. One problem with steel slag is
that although the fines possess the greatest capacity to removed dissolved P
via calcium phosphate precipitation, the dissolution of the highly soluble
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Figure 6. (a) Overhead view of the blind inlet/tile drain P removal structure combination, and
(b) side-view and details of the tile drain P removal structure. The water collected in the blind
inlet is further treated by flowing into the tile drain P removal structure. This unit utilizes
33.5 Mg of steel slag as a P sorption material and flows from the bottom-upward, allowing any
produced flocculant to settle in the septic chambers before discharge to the outflow collection manifold.

calcium silicates and calcium hydroxides also result in the precipitation of
less soluble minerals such as calcium carbonate and calcium sulfate in the
form of flocs. On the other hand, sieving the slag to remove the fines will
greatly reduce the P removal capacity of the material. The flocs produced
from un-sieved slag can clog a slag bed or perforated drain pipes after drying (Penn & McGrath, 2011; Penn & Bowen, 2017), and potentially be lost
in the drainage water. The bottom-up flow design for the structure in
Figure 6 allowed for a dead space via septic chambers above the slag bed,
providing an opportunity for such flocs to settle prior to discharge. Also,
being saturated with water for 100% of the time prevents the flocs from
drying and clogging the pores in the slag or perforated pipe. The blind
inlet/tile drain filter combination structure shown in Figure 6 was designed
and constructed in spring, 2018 to achieve a minimum 10 min retention
time at a max flow rate of 19 L s1 and remove 40% of the 25-year dissolved P load (trapping 34 kg); the structure is currently being monitored
for performance. One additional consideration for such a combination of
structures is to include a back-flow preventer (i.e. check valve) at the blind
inlet. Otherwise, it is possible that the subsurface drainage system could
lose considerable head by venting through the blind inlet.
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When used as a replacement for current tile risers, blind inlets are continuing to evolve beyond particulate P and sediment filters, into structures capable
of removing dissolved constituents such as pesticides, dissolved P, and potentially trace metals. However, there remains a need for training personnel in
design and construction of these water quality improvement structures. To this
end, the Phrog software (Phosphorus removal online guidance) was created for
conducting fast and easy site-specific designs. The Phrog software along with
development of NRCS Standard Practice 782 has helped to increase dissemination of these BMPs. Further effort is required in training consulting engineers,
water quality and agricultural experts among nonprofit organizations, and state
and federal employees, in conducting designs and gathering inputs as well as
training professionals such as septic system installers and drainage water contractors in installation/execution. Regarding research, current efforts are being
focused on techniques and methods that will reduce the cost of installation.
For example, the ability to regenerate a PSM in-situ would appreciably decrease
the cost of dissolved P removal.
4. Summary and conclusions

The blind/gravel inlet was developed out of the need for providing drainage
to large geologic depressions in such a manner that would not promote
loss of sediment and the associated nutrients, and simultaneously not interfere with routine agricultural operations. Blind inlets have proven to be
effective at reducing sediment and particulate P losses when used to replace
the standard tile riser/open inlet drain. It is important to keep in mind that
construction of a blind inlet that is not replacing an open inlet or tile riser
does not improve water quality; in fact, it is prone to decrease water quality
by permitting water to “short-circuit” directly to a tile drain as opposed to
slowly seeping through several meters of soil.
As the blind inlet was born in response to a practical need for decreasing
sediment and particulate P loading from closed depressions to surface
waters, so the evolution of the blind inlet continues in response to new
challenges. Previous studies and recent reevaluation of the water quality
data from two blind inlets (ADE and ADW) show that traditional sand
and limestone media do little for removing dissolved P in drainage water.
Flow-through studies affirm the notion that alternative media such as steel
slag (or supplemental PSMs added to sand) can remove much greater
amounts of dissolved P if utilized in the blind inlet. Further, application of
such PSMs completes the blind inlet regarding necessary requirements as a
P removal structure, targeted towards removing dissolved P. Therefore,
with this simple modification, the blind inlet can be designed, treated, and
categorized as a type of P removal structure. Other modifications can be
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made to the blind inlet for increasing its capacity to remove dissolved P in
an efficient manner, such as implementing a design that forces water to
flow from the bottom-upward, which removes the constraint of tile drain
depth. As previously discussed, the blind inlet can also be combined with a
tile drain P removal structure. In the same manner as urban bio-retention
cells, other sorption media can be used for trapping dissolved constituents
such as pesticides and trace metals. Future research on blind inlets should
consider examining the solubility and bioavailability of bound herbicides.
Regarding monitoring technique, it would be more powerful and straightforward to sample untreated and treated water before and after entering
the blind inlet, respectively, rather than the before and after conversion of
tile riser to blind inlet as conducted by Feyereisen et al. (2015), Smith et al.
(2015), and Smith and Livingston (2013).
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