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Layers cemented by iron andmanganese have been observed in soils of putting greens at golf courses throughout
the USA. They result in reducedwater infiltration, saturated conditions in the root zone, and a decline in turfgrass
density and quality. The physical and chemical properties of these layers have not been investigated nor
described in detail. Here we present a detailed analysis of the physicochemical properties and a conceptual
pedogenetic model for the formation of Fe-cemented layers in soils of golf putting greens across the USA.
These man-made soils have an A horizon of about 5 to 10 cm over 20 to 30 cm sand (C horizon) over gravel.
The Fe-cemented layer is commonly found at the interface of the A andC horizons, or the C horizon and the gravel
layer. Levels of total Fe in the cemented layers range from 0.41 to 16.21 g kg−1 and these are accompanied by
accumulations of SOC and sometimes high levels of Mn and Al. The downward movement of water (irrigation),
high levels of Fe (fertilization), and a textural discontinuity are key factors in the formation of the Fe-cemented
layer. The layers may form at rates as high as 1.5 mm per year depending on Fe content and redox conditions
in the root zone, and may become cemented in 10 years. These cemented layers meet the criteria of the placic
horizon in Soil Taxonomy.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Most soils in urban areas have been altered by human activities
including moving, draining, paving or other forms of disturbance. In
recent years, there is an increased interest in the soils of urban areas
which is primarily driven by studies on pollution and environmental
issues (e.g. Andersson et al., 2010; Li et al., 2013). Considerable research
on urban soils is also conducted in relation to peri-urban and urban
agriculture (Materechera, 2009; McClintock, 2012). Lawns and gar-
dens often receive inputs (including fertilizer, water, and pesticides)
and such soils have been significantly disturbed, but comprise the
natural soil of the area. Soils of golf course putting greens also receive
inputs but these soils are constructed like the soils of mine spoils; the
materials are excavated, transported, and repositioned across the
landscape.

In the USA, there are over 16,000 golf courses (Beard, 2002) covering
a land area of approximately 4850 km2 (Throssell et al., 2009). On a
typical golf course, about one-quarter of the total land area is comprised
of intensively managed turfgrass (putting greens, tees, or fairways).
Putting greens are intensively managed with daily mowing at heights
of less than 3mmand frequent fertilization and irrigation. Considerable
ska — Lincoln, Department of
research has been conducted regarding the optimal root zone construc-
tion for golf putting greens (Bigelow and Soldat, 2013). Putting green
soil profile designs include a 30 cm sand root zone over gravel (e.g.
USGA, 2004). The sand layer is needed for its resistance to compaction
and improved drainage, whereas the layer of gravel allows the root
zone to retain pore water between rainfall events (Prettyman and
McCoy, 2003; Taylor et al., 1997).

Much of the research on soils of golf courses is focused on nutrient
and water-use efficiency. Very few pedological investigations have
been done on these constructed and engineered soils despite their ex-
tent and economic importance. In 2008, we noted areas on the putting
greens of golf courses in Hawaii where the turf was dead or poorly
growing and the soil was waterlogged. Soil pits revealed a Fe-
cemented layer at the boundary of the sandy subsoil and the gravel.
These features have not been researched previously, which prompted
us to investigate how and where they form. The objectives of our re-
search were to investigate in detail the physicochemical properties
and processes of Fe-cemented layer formation in golf course putting
green soils across the USA.

2. Materials and methods

2.1. The sites

In total 24 sites were identified that had putting green soils with
Fe-cemented layers (Fig. 1). The soils were identified through
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Fig. 1. Presence of Fe-cemented layers in golf course putting greens in the USA. Red circles indicate observed sites (n = 18) and blue stars are the sites studied in detail (n = 6).
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communication with other researchers, golf course superintendents,
and US Golf Association Green Section agronomists. Of these 24 sites,
6 were chosen for detailed study and analysis and they represent a
range in course age, geographic location, and climate (Table 1). Each
of these sites featured putting greens with a sand root zone over gravel,
which is commonly referred to as a two-tiered construction. In this
paper, the 6 sites are identified by the state in which they are located:
New Jersey, Washington, Virginia, Florida, Wisconsin, and Hawaii.

Fig. 2 shows putting greens from Hawaii (A) and Wisconsin (B–D)
that have the typical Fe-cemented panwith depth. The low-lying depo-
sitional area of a putting green in Wisconsin was excavated to uncover
the layer at the interface of sand and gravel (B). A different soil profile
from Wisconsin (C) shows a weakly-cemented pan at the lower inter-
face of an organic-rich surface layer (10 cmdepth), and at the boundary
of sand and gravel (35 cm depth).

2.2. Soil sampling and analysis

At each of the 6 sites, 3 soil profile samples were collected from a
low-lying area of one putting green as it was observed that cemented
Table 1
Study sites of two-tiered putting greens with a sand-based root zone over a gravel drainage la

Site ID Lat. Long. Elev.
masl

MAP
mm

Mean max. temp.
°C

Washington 48°N −122°W 133 796 15.4
Wisconsin 45°N −90°W 340 682 11.9
New Jersey 40°N −74°W 34 883 18.1
Virginia 37°N −80°W 323 915 19.7
Florida 26°N −80°W 4 1345 28.1
Hawaii 20°N −156°W 31 276 29.4

MAP: mean annual precipitation. Climatic data from National Climatic Data Center. Date of acc
masl: meters above sea level.
Hawaii data from Western Regional Climate Center. Date of access: 13 September, 2013 (www
pan layers were more prevalent in low-lying areas of putting greens.
One representative profile sample from a low-lying area of each site
was chosen for further analysis. From golf courses in Wisconsin and
Hawaii, profile samples were also taken from a well-drained area (re-
ferred to as “High”) and compared to the samples from the low-lying
area (referred to as “Low”) to evaluate within-site variation. Profile
soil samples were collected in PVC pipes (5 cm diameter, 50 cm length)
that were sharpened on the bottom and driven into the soil with a rub-
ber mallet. All of the samples were taken from the soil surface to 5 to
7 cm below the depth of the gravel drainage layer. The site in Florida
was in the midst of renovation and at this site only the bottom
21–38 cm of the profile was sampled.

The sampling pipes were split vertically with an oscillating saw, and
soil horizons were delineated based on visual characteristics including
wet and dry color (Munsell), dry consistency, cementation, and pres-
ence or absence of plant roots and mottles. Horizons were named
according to the Keys to Soil Taxonomy (Soil Survey Staff, 2010). To
capture physicochemical changes, horizons between 15 and 23 cm in
thickness were split in half, and horizons thicker than 23 cm were
split into thirds.
yer. Climatic data represent means from February of 1981 through November of 2012.

Mean min. temp.
°C

Age of root zone
years

Turfgrass species

7.2 15 Agrostis stolonifera, Poa annua
1.4 35 Agrostis stolonifera, Poa annua
6.8 25 Agrostis stolonifera, Poa annua
8.2 14 Agrostis stolonifera

19.4 16 Cynodon dactylon × transvaalensis
21.3 9 Paspalum vaginatum

ess: 13 September, 2013 (www.ncdc.noaa.gov/cdo-web/datasets).

.wrcc.dri.edu/).

http://www.wrcc.dri.edu/
http://www.wrcc.dri.edu/


Fig. 2. Soilswith Fe-cemented subsoils inHawaii (A) andWisconsin (B–D). Putting greenwhere the low-lying areawas excavated to uncover and remove a strongly-cementedpan layer at
the interface of sand and gravel (A) with a close-up of a pan layer at the interface of sand and gravel (B). Bottompicture soil profilewith weakly-cemented pan at the lower interface of an
organic-rich surface layer (10 cm depth), and at the interface of sand and gravel (35 cm depth) (C). Sampling from a putting green with a well-drained (high) and poorly-drained (low)
location (D).
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The soils were air-dried for approximately 7 days and the hori-
zons were separated with a spatula and stored in plastic bags. For
each horizon, total inorganic carbon was measured in triplicate by
the pressure calcimeter method (Sherrod et al., 2002), and total car-
bon was measured in triplicate with a FlashEA 1112 Carbon and Ni-
trogen Analyzer. Soil organic carbon (SOC) was calculated by
subtracting inorganic carbon from total carbon. For each horizon,
soil pH (1:10 in water) was measured and the sand particle size dis-
tribution was determined using 2000, 1000, 500, 250, 150, and 53
μm sieves.

Total Fe (FeT) in each horizon was measured with a Niton XLt hand-
held X-ray fluorescence analyzer, which was calibrated with NIST stan-
dards. Oxalate-extractable Fe (FeO) was determined by extracting with
ammonium oxalate in darkness, and dithionite-extractable Fe (FeD),
Mn (MnD), and Al (AlD) were determined by extracting with sodium
citrate–dithionite (Loeppert and Inskeep, 1996). All extractions were
conducted in triplicate for each horizon of each profile. The ratio of
FeO/FeD for each horizon was calculated by dividing the mean of three
FeO values by the mean of three FeD values.

A sample fromHawaii Lowwas collected for a thin-section of the Fe-
cemented layer. While the soil was moist, 1 mm diameter holes
were drilled in the pipe above and below the Fe-cemented layer to
aid in drying and impregnation with resin. After air-drying for
14 days, the sample was warmed to 60 °C for 24 h. Epoxy resin was
heated to 100 °C and poured into a tin box containing the sample.
After drying, the sample was cut and ground with silica carbide
and then polished with alumina paste (up to 0.05 μm) to produce a
5 × 8 cm and 30 μm thick section. Backscattered electron images
were acquired with a Hitachi S-3400N SEM operated at 15 keV in
the high vacuum mode at the Department of Geoscience, University
of Wisconsin — Madison. EDS spectra and qualitative data were ac-
quired with a thin-window ThermoFisher SiLi detector using Noran
System Six software.
2.3. Data processing and statistics

At each site the data from one representative soil profile were aver-
aged and a standard error was calculated for the soil properties FeT, FeO,
FeD, MnD, and AlD. Regression analysis was conducted and correlation
coefficients were calculated between the following covariates for each
horizon: age, depth, SOC, pH, FeD, FeT, MnD, and AlD. The Wisconsin
High and Hawaii High profiles were excluded, as they were atypical
compared to the other profiles in this analysis.

image of Fig.�2


Table 2
Description of representative soil profiles at study sites featuring Fe or Fe andMn cemented layers. Samples are from poorly-drained locations on two-tiered putting greens. Sampleswere
taken from the soil surface to the gravel drainage layer, with the exception of the Florida site, where the sample included the bottom 21–38 cm of the profile.

Horizon Depth
cm

Moist color Dry color Dry cons.a Upper bound.b Cementation Mean particle sizec

μm
Comments

New Jersey A 0–5.1 10YR 3/2 7.5YR 4/1 l – None 330 Roots
Bs 5.1–8.9 7.5YR 5/3 10YR 6/1 l Clear None 270 Few roots; perched water
Bsm1 8.9–11.4 5YR 3/4 7.5YR 6/8 sh Abrupt Weak 296
C1 11.4–19.7 7.5YR 3/1 10YR 7/1 l Abrupt None 285 No roots
C2 19.7–27.9 7.5YR 3/1 10YR 7/1 l Diffuse None 300
C3 27.9–32.4 7.5YR 4/1 10YR 6/1 l Diffuse None 250
Bsm2 32.4–33.7 5YR 3/4 10YR 5/6 h Abrupt Indurated 466
Gravel N33.7 NDd ND l Abrupt None N2000

Washington A 0–3.8 10YR 2/1 7.5YR 4/1 l – None 368 Roots
Bhs 3.8–8.3 7.5YR 3/1 7.5YR 5/1 l Clear None 444 Few roots; perched water
Bsm 8.3–9.5 5YR 3/4 7.5YR 5/8 sh Abrupt Weak 359
C1 9.5–22.2 7.5YR 3/1 7.5YR 5/1 l Abrupt None 319 No roots
C2 22.2–35.6 7.5YR 3/1 7.5YR 5/1 l Diffuse None 337
C3 35.6–38.1 7.5YR 3/2 7.5YR 5/1 l Diffuse None 313
Gravel N38.1 ND ND l Abrupt None N2000

Virginia A 0–5.1 7.5YR 4/3 10YR 4/2 l – None 287 Roots
C1 5.1–12.7 7.5YR 3/1 7.5YR 6/3 l Clear None 271 Very few roots
C2 12.7–20.3 7.5YR 3/1 7.5YR 6/3 l Diffuse None 266 No roots
C3 20.3–27.9 7.5YR 3/1 7.5YR 6/3 l Diffuse None 283
Bs 27.9–34.3 7.5YR 4/4 7.5YR 6/4 l Clear None 274
Bsm 34.3–34.9 2.5YR 3/6 7.5YR 3/2 h Abrupt Indurated 306 Mottles (7.5YR 5/6)
Gravel N34.9 ND ND l Abrupt None N2000

Florida A/C1e 0–21 ND ND ND ND ND ND
C2 21–27.9 7.5YR 5/1 7.5YR 7/1 l – None 417 No roots
C3 27.9–34.3 7.5YR 5/1 7.5YR 6/1 l Gradual None 411
C4 34.3–35.6 7.5YR 5/2 7.5YR 6/2 l Gradual None 406
Bsm 35.6–38 7.5YR 3/4 7.5YR 3/4 sh Abrupt Weak 372 Mottles (7.5YR 4/6)
Gravel N38 ND ND l Abrupt None N2000

Wisconsin High A 0–5.1 7.5YR 4/4 10YR 3/2 l – None 308 Roots
Bs 5.1–8.9 7.5YR 4/3 10YR 5/3 l Gradual None 283 Roots
Bsm 8.9–11.4 7.5YR 3/2 10YR 4/2 sh Abrupt Weak 301 Roots
C1 11.4–21.6 7.5YR 5/4 10YR 6/3 l Abrupt None 312 Roots
C2 21.6–41.9 7.5YR 5/3 10YR 6/3 l Diffuse None 325 Very few roots
C3 41.9–50.8 7.5YR 5/2 10YR 6/3 l Diffuse None 328
Gravel N50.8 NDd ND l Abrupt None N2000

Wisconsin Low A 0–3.8 7.5YR 4/3 10YR 5/4 l – None 323 Roots
Bs 3.8–7.6 7.5YR 3/2 10YR 6/4 l Gradual None 290 Roots
Bsm1 7.6–10.2 7.5YR 2.5/1 10YR 3/4 sh Abrupt Weak 313 Mottles (5YR 3/4)
C1 10.2–17.8 7.5YR 3/2 10YR 5/3 l Abrupt None 324 No roots
C2 17.8–26.7 7.5YR 5/3 10YR 6/3 l Diffuse None 330
C3 26.7–37.5 7.5YR 5/2 10YR 6/3 l Diffuse None 326
Bsm2 37.5–38.7 7.5YR 4/6 10YR 6/8 sh Abrupt Weak 299
Gravel N38.7 ND ND l Abrupt None N2000

Hawaii High A 0–5.1 7.5YR 3/3 10YR 4/2 l – None 322 Mottles (gley 1 6/5G)
C1 5.1–12.7 10YR 5/4 10YR 6/4 l Abrupt None 376 Many roots
C2 12.7–22.9 10YR 5/4 10YR 6/4 l Gradual None 367 Roots
C3 22.9–31.8 10YR 5/3 10YR 6/3 l Gradual None 347 Very few roots
Bs 31.8–33.0 10YR 5/2 10YR 6/3 l Gradual None 358 Mottles (7.5YR 4/6)
Bsm 33.0–34.3 10YR 5/2 10YR 6/6 l Abrupt Weak 579
Gravel N34.3 ND ND l Abrupt None N2000

Hawaii Low A1 0–1.9 10YR 2/1 10YR 3/3 l – None 448 Strong sulfurous odor
A2 1.9–7.6 10YR 3/3 7.5YR 3/2 l Abrupt None 388 Roots
C1 7.6–15.2 10YR 5/4 10YR 5/3 l Gradual None 354 Roots
C2 15.2–24.1 10YR 6/2 10YR 5/2 l Gradual None 377 Very few roots
C3 24.1–33.0 10YR 5/1 10YR 5/2 l Gradual None 372
C4 33.0–35.6 10YR 5/1 10YR 5/2 l Gradual None 347 Mottles (7.5YR 4/6)
Bsm 35.6–36.8 7.5YR 4/6 7.5YR 4/6 h Abrupt Indurated 545
Gravel N36.8 ND ND l Abrupt None N2000

a Dry consistency. l, loose; sh, slightly hard; h, hard.
b Upper boundary.
c Mean particle size of the sand fraction. Profiles contained N97% sand to conform to two-tiered putting green construction guidelines.
d ND, not determined.
e Top 21 cm of profile not sampled.
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3. Results

3.1. Soil profile characteristics

The soil profiles of the putting greens in this study all had a thin top-
soil (A) of about 5 cm over sandy subsoils (C) over a layer of gravel
(N2 mm diameter) (Table 2). The Fe-cemented layers may occur at
two depths in the soil profile: just below the topsoil (A) or at the inter-
face of sand and gravel at about 30 to 40 cm depth. In some soils two
such layers were found. In the soil profiles from golf courses in Virginia,
Florida, and Hawaii the Fe-cemented layer was found at the interface of
sand and gravel (30 to 40 cm depth), whereas in the soil profiles from



Fig. 3. Scanning electron micrograph (SEM) of a thin section of the Fe-cemented layer
from Hawaii Low. A Fe-oxide precipitate bridges the pores between particles of sand
and gravel.
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Wisconsin High and Washington it was found just below the topsoil
(3 to 10 cm depth). Soil profiles from New Jersey and Wisconsin Low
featured Fe-cemented layers at two depths. Layers occurring at the in-
terface of sand and gravel weremore strongly cemented than the layers
just below the topsoil. In soil profiles with Fe-cemented layers between
30 and 40 cmdepth, rooting depthwas 10 to 20 cmbut in the soils from
Wisconsin Low, New Jersey, and Washington, Fe layers just below the
topsoil inhibited rooting.

The thin-section SEM analysis of the Fe-cemented layer fromHawaii
Low revealed grains of sand and gravel cemented by Fe-oxide precipi-
tates (Fig. 3). Analysis with EDS confirmed that the cementing agent
was an iron-oxide phase.
3.2. Elemental analyses and pH

The cemented layers had accumulated Fe, with total Fe (FeT) in the
cemented layers ranging from 0.41 to 16.21 g kg−1 (Fig. 4). The levels
of FeD and FeO were lower but followed similar trends to FeT. Ratios of
FeO/FeD in cemented layers ranged from 0.36 to N1. The A and C hori-
zons had relatively low FeO/FeD ratios in the soil profile from Virginia,
and relatively high ratios in the soil profiles from Florida andWisconsin.
In the soil profiles from New Jersey and Hawaii the FeO/FeD ratios were
relatively high in the A horizons, lower in the C horizons, and increased
in the cemented layers at about 35 cmdepth. The cemented layers from
the soil profiles in Florida and Virginia contained not only Fe but also
high levels of Mn and Al — this was not found in the soils at the other
4 sites.

In all soil profiles there was an accumulation of SOC in the top 10 cm
(Fig. 4). The soil profiles from New Jersey, Washington, and Wisconsin
Low also had higher SOC levels in the Fe-cemented layer. Soil pH values
were generally acidic (pH 6.1 to 7.2) in the profiles from Washington
and New Jersey but in the soils from Florida and Wisconsin Low, pH
values were slightly higher and alkaline at the interface of sand and
gravel. The soil profiles from Virginia and Hawaii Low had neutral or al-
kaline pH values in the top part of the soil profile, and the pHwas acidic
above the interface of sand and gravel.

Correlation analysis of the analytical data of all soil profiles revealed
that SOC and soil depth were positively correlated (r = 0.75) (Fig. 5).
There was a correlation between AlD and FeD (r = 0.88) and FeT (r =
0.83), and FeD and FeT were also positively correlated (r = 0.91). All
of these correlations were significant at the alpha = 0.05 confidence
level. The age of the golf course had little effect on any of the soil prop-
erties included in this analysis.

3.3. Within-site variation

At the golf courses in Wisconsin and Hawaii, soils were sampled in
the higher and lower part of the putting green (Fig. 2). Therewas signif-
icant variation in the composition of Fe-cemented layers at these differ-
ent landscape positions. The Wisconsin soil profiles featured Fe-
cemented layers at the lower interface of organic-rich surface layers at
about 10 cm depth, but the High profile had no Fe accumulation at the
interface of sand and gravel (Fig. 6). The pH of the Wisconsin Low soil
wasmore acidic in the A horizon butmore alkaline just above the gravel
layer compare to the High profile. The Low profile had higher SOC con-
tents than the High profile.

The Hawaii Low soil profile also had a more strongly-cemented pan
layer with a higher FeD content compared to the High soil profile. Soil
pH was less alkaline in the Low profile, and the soil was acidic above
the Fe-cemented layer. The Low profile had higher SOC contents near
the surface and in the cemented pan layer.

4. Discussion

In the previous section we have presented the detailed analysis of
soil profiles that have Fe-cemented layers in the subsoil. Here we
shall discuss a conceptual model to explain how these layers are
formed and how they could be classified using Soil Taxonomy and
the World Reference Base for Soil Resources. Lastly, we discuss the ex-
tent and importance of the problem, and some future directions for
research.

4.1. Pedogenesis

The Fe-cemented layers are found in putting greens that are reg-
ularly irrigated and in some cases receive high levels of Fe fertilizer
(30 to 300 kg ha−1year−1 Fe, commonly as FeSO4) to produce a
dark turfgrass color. The downward movement of water, high levels
of Fe, and a textural discontinuity are key factors in the formation of
the Fe-cemented layer (Fig. 7). These layers form in a three-step
process:

– lithogenic Fe(III) from sand minerals is reduced to soluble Fe(II)
– reduced Fe from sand minerals and fertilizer is translocated down-

wards in the soil profile
– reduced Fe is exposed to oxygen when water is retained above the

gravel layer, causing Fe(II) to oxidize into Fe(III), forming a cemented
precipitate layer.

Besides the reduction, translocation, and oxidation of Fe, organic C is
also leached and several soil profiles with a Bsm horizon have high SOC
levels.

The reduction of Fe(III) to Fe(II) is enhanced by low redox potential
and an acidic soil pH (Gotoh and Patrick, 1974). The oxidation of Fe re-
duces pore size and hydraulic conductivity, creating impeded drainage.
This occurs at the pore discontinuity of the C horizon and the gravel
drainage layer, or between the topsoil (A) and the sandy subsoil. At
these textural discontinuities, the redox potential is low in soil layers
where water is retained for prolonged periods, and the redox potential
is high in the dry layers below, whichmay assist in the formation of the
Fe-cemented layers (Breuning-Madsen et al., 2000; Jien et al., 2013;
Lapen and Wang, 1999; Pinheiro et al., 2004; Weindorf et al., 2010;
Wu and Chen, 2005).

In some soils the pHwas acidic throughout the profile (New Jersey).
In such soils Fe(II) is more soluble (Gotoh and Patrick, 1974) facilitating
mobilization to the sand–gravel boundary where it oxidizes. In other
soils, the pH was acidic or neutral throughout the profile and alkaline

image of Fig.�3
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at the sand–gravel boundary (Wisconsin Low and Florida). In these soils
Fe(II) is mobilized from the root zone to the gravel layer, and the alka-
line pH causes Fe(II) to rapidly oxidize to Fe(III) (Lapen and Wang,
1999; Wu and Chen, 2005). This occurs in soils with a calcareous gravel
layer. In some soils, the pH was neutral or alkaline in the upper part of
the profile and acidic near the sand–gravel boundary (Virginia and Ha-
waii Low). The alkaline root zone pHwould not seem to favor Fe(II), but
we have presented evidence of Femobilization and accumulation at the
Fig. 4. Chemical characteristics of profiles. Error bars represent the standard error of themean f
Note that total element axis scales differ for different sites. Calculated ratios FeO/FeD N1 are r
dithionite extraction was hindered, likely by formation of FeS compounds during the reaction
sand–gravel interface in these soils. Some acidity may have been pro-
duced as a reaction product of FeS2 oxidation at the sand–gravel inter-
face (Johnson, 2003), which could result in mobilization of Fe from
the root zone above. Sulfur is a common component of inorganic fertil-
izers (iron sulfate, potassium sulfate, ammonium sulfate, etc.). The Ha-
waii Low soil had a distinct sulfurous odor above the Bsm horizon,
suggesting that S likely played a role in the Fe redox chemistry of this
profile.
or FeT, FeD, FeO, MnD, and AlD (some arewithin the confines of the symbol and not visible).
eported as 1. FeD values are not reported for the profile from Washington as the citrate–
(Loeppert and Inskeep, 1996).

image of Fig.�4


Fig. 4 (continued).
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At the interface of the C horizon and the gravel drainage layer (30 to
40 cm depth), the soil profiles from New Jersey, Virginia, and Hawaii
Low had SOC accumulations in the Fe-cemented layer. This suggests
that SOC and Fe co-precipitate at the surface and move together verti-
cally, or that SOC and Fe form soluble complexes that migrate
vertically and precipitate at the textural boundary (Lapen and Wang,
1999).

The FeO/FeD ratios followed three patterns: 1) low FeO/FeD ratios
throughout the soil profile (Virginia), 2) high ratios throughout the
profile (Florida, Wisconsin High, Wisconsin Low), or 3) high ratios in
A horizons, lower ratios in C horizons, and then increased ratios in
cemented layers. The low FeO/FeD ratios suggest that Fe is crystalline
and recalcitrant (Campbell and Schwertmann, 1984) and is most likely
lithogenic. High ratios throughout the soil profile suggest that Fe oxide
in theA horizons is newly-formed and originates from the inorganic fer-
tilizer. This Fe moves from the surface horizons to the cemented layers
at depth. The pattern of high ratios in the A horizon, low ratios in the
C, and increasing ratios in the Bsm implies that the Fe in the cemented
layer is newly-formed and was translocated from above.

A key aspect of the Fe-cemented layers is that theymay develop rap-
idly compared to similar layers in non-anthropogenic soils. Ortstein
layers form on a time scale of 105 years, but the time required for

image of Fig.�4


Fig. 5. Correlation and scatter plot of soil properties for profiles from New Jersey, Washington, Virginia, Florida, Wisconsin Low, and Hawaii Low. The upper-right portion of the matrix
displays correlation coefficients (r). SOC = soil organic carbon.
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formation of placic horizons is unknown (Bockheim, 2011). Conry
et al. (1996) described the formation of a man-made iron pan in a
podzol on time scale of decades to centuries. Table 1 showed that
the age of the root zones in our studies ranged from 9 to 35 years.
The Fe-cemented layers may form at rates of 1.5 mm per year, and
can become cemented in less than 10 years. Although the soil
forming processes are similar between placic horizons and the Fe-
cemented layers on golf courses, the layers may form more rapidly
in anthropogenic soils due to inputs of Fe from fertilizer, downward
movement of water in the profile from irrigation, and the construct-
ed profile design causing a strong textural discontinuity. The low
surface area of these sandy soils may also allow them to become
cemented by Fe more rapidly.

While irrigating with Fe-rich groundwater may increase the likeli-
hood of layer formation, fertilization of putting greens may contribute
four to five orders of magnitude more Fe to the soil. For example,
applying 300 mm of irrigation to putting greens with water containing
1 mg L−1 Fe would contribute only 0.003 kg ha−1 year−1 Fe. By con-
trast, putting greens may be fertilized with 30 to 300 kg ha−1 year−1

Fe, and it is possible that Fe from fertilizer contributes to formation of
Fe-cemented layers.
4.2. Soil classification

The thin Fe-cemented layer is commonly 0.5 to 2.5 cm thick. It is dark
and cemented by Fe, or Fe and Mn and SOC. Roots cannot penetrate
through it. In the soils of golf courses, these layers occur with SOC
which distinguishes them from a petroferric contact, which has little or
no organic matter and about 30% Fe2O3. The layers meet the
requirements of a placic horizon, which should have a minimum thick-
ness of 1 mm and a maximum of 25 mm when associated with spodic
materials (Soil Survey Staff, 2010). Placic horizons have no maximum
thickness requirement if they occur without spodic material and are
mostly formed under the influence of climate, relief and parent material
(Bockheim et al., 2014). Placic horizons occur in three orders: Andisols
(Placaquands, Placic Hydrocryands, Placudands), Spodosols (Placaquods,
Placic Cryaquods, Placocryods, Placohumods, Placorthods) (Bockheim,
2011), and Inceptisols (Placic Petraquepts) (Weindorf et al., 2010). The
coarsely-textured soils of two-tiered putting greens lack cambic horizons
and are classified as Entisols. They are classified as Psamments as they
are very sandy (N97% sand), but all of these soils are irrigated and classi-
fication to the Great Group level is not possible. However, given that the
soils analyzed in this study have a placic horizon, they could be classified
as Inceptisols.

In theWorld Reference Base for Soil Resources (WRB) the placic suffix
qualifier is defined as having an iron pan within 100 cm of the soil sur-
face that is between 1 and 25mm thick, and continuously cemented by
a combination of organic matter, Fe and/or Al (IUSS Working Group
WRB, 2006). It is recognized for Histosols, Leptosols, Andosols, Podzols,
Stagnosols, Umbrisols, and Arenosols. In WRB, the soils of the putting
greens are probably classified as Technosols or artificially-created soils
by humans.
4.3. Extent

The Fe-cemented layers form across a broad range of geographic lo-
cation and climate. We have documented layers in 18 states in the USA,
and somewhat similar layers have been observed in Germany (Mehnert
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Fig. 6. The FeD, pH, and soil organic carbon for High and Lowprofiles fromWisconsin andHawaii. Error bars represent the standard error of themean for FeD (some arewithin the confines
of the symbol and not visible). Note that total element axis scales differ for different sites.
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and Wege, 2008). All of these golf courses are irrigated, which creates
relatively similar soil moisture conditions. The putting green profiles
are engineered soils and may be fertilized with FeSO4 to produce dark
turfgrass color. As a result, Fe-cemented layers could form anywhere in-
dependent of climatic factors.

The Fe content in the cemented layers ranged from 0.41 to 16.21
g kg−1. This is lower than typically observed in placic horizons
(Bockheim, 2011), but the quantity of Fe required to form a cemented
layer in sand root zones may be relatively low due to the low surface
area of these soils. Provided that the soil contains sufficient Fe for
layer formation, predicting its formation can be related to the presence
of a redox potential boundary. The Fe-cemented layers described in this
study always formed at textural discontinuities or organic-rich layers
where drainage was impeded above a drier subsoil with a boundary
of lower redox potential over higher redox potential. Oxidation of
Fe(II) to Fe(III) can occur at lower redox potential in alkaline soil condi-
tions (Yu et al., 2007). Therefore, we predict that Fe-cemented layers
are more likely to form in soils with sharp boundaries in particle size,
pH, or total organic carbon creating conditions of lower redox potential
over high redox potential.

4.4. Future work

A conceptualmodelwas presented for the formation of Fe-cemented
pan layers in golf course putting green soils. To strengthen and quantify
this model, future studies should investigate how soil texture, pH,
organic carbon, and gravel size and its geochemistry affect redox poten-
tial gradients in these soils. Refinement of themodel and further param-
eterization will allow prediction of where and when the layers may
occur. Future studies should investigate the contribution of Fe from
irrigation and fertilization of the turfgrass to develop strategies for
preventing the formation of these layers.

5. Conclusions

In this paper, we have described cemented layers in golf course put-
ting green soils that are enriched in Fe, SOC, and sometimes Mn and Al.
The layers form at textural discontinuities where redox potential is low
in saturated soils and high in the drier subsoil below. The layersmay be-
come cemented in less than 10 years after construction of the putting
greens, and theymay format rates up to 1.5mmper year. The cemented
layers are classified as placic horizons but they form rapidly due toman-
agement (irrigation and Fe fertilization) and construction techniques.
These management factors are common among sites across the world,
leading us to hypothesize that the Fe-cemented layers could form in
any golf course soil with an abundant supply of Fe and a redox potential
boundary.
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