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Abstract

Manganese (Mn) nodules are sedimentary rocks, generally spherical or irregularly round in
shape with concentric layers formed from manganese and iron mineral precipitation. These are
redoximorphic features in soils with fluctuating high water table. This study aimed to: (i)
evaluate taxonomically the soil profiles, (ii) determine the occurrence of manganese nodules in
the soil horizons, (iii) evaluate physical and chemical properties of Mn nodules, and (iv) theorize
about manganese nodules formation mechanism in the Coloso Valley Agricultural Reserve. A
toposequence comprising three soil series, Rio Piedras (Typic Hapludults), Bajura (Vertic
Endoaquolls), and Coloso (Vertic Dystrudepts) was selected for the study. The largest Mn
nodules were observed in the Ap horizon of the Rio Piedras soil series; however this site had the
fewest nodules. Two grams of manganese nodules per 800 g of soil were observed. In Bajura and
Coloso soil series, the largest occurrence of manganese nodules was observed in the Bwg
horizon. The nodule mass in Bajura soil was 11 ¢/800 g and in Coloso soil it was 15 g/800 g.
Manganese nodules from Rio Piedras soil were well formed with clearly defined concentric
layers. In Coloso and Bajura soils the Mn nodules were not well formed and irregular masses of
Mn oxides were observed on soil peds. XRD analyses of manganese nodules from the three soils
indicate the presence of lithiophorite and todorokite. Coloso and Bajura soils occur at the lower
levels in the toposequence, where they are subjected to wet and dry cycles. In Bajura and Coloso
soils a more active redox process of Mn is taking place. This process results in the formation of
small manganese nodules and masses. Rio Piedras soil occurs at higher elevation and the water
table never saturates the soil profile. The highest rate of oxidation creates stability and well

formed nodules. The presence of Mn nodules in the Ap horizon of Rio Piedras soil indicates



significant changes in hydrologic conditions in this toposequence, suggesting a soil uplifting

event.



Resumen

Los nodulos de manganeso (Mn) son rocas sedimentarias generalmente esféricas o
irregularmente redondas caracterizadas por la presencia de laminas concéntricas formadas por
6xidos de Mn, en laminas alternadas con oxidos de hierro. Estos son estructuras redoximorficas
en suelos con un nivel freatico fluctuante. Este estudio tuvo como objetivo: (i) evaluar
taxondmicamente los perfiles de suelo (ii) determinar la incidencia de nodulos de Mn en los
horizontes de los suelos, (iii) evaluar las propiedades fisicas y quimicas de los nédulos de Mn y
(iv) teorizar sobre los mecanismos de formacion de los ndédulos de Mn en la Reserva Agricola
del Valle Coloso. Una toposecuencia compuesta por tres series de suelo, Rio Piedras (Typic
Hapludults), Bajura (Vertic Endoaquolls) y Coloso (Vertic Dystrudepts), fue seleccionada para el
estudio. Se observé que los ndédulos de Mn de mayor tamafio se encontraban en el horizonte Ap
de la serie de suelo Rio Piedras, sin embargo su incidencia fue menor. Dos gramos de nddulos de
manganeso por 800 g de suelo fueron observados. En las series de suelo Bajura y Coloso, se
observo la mayor incidencia de nddulos de manganeso en el horizonte Bwg. La masa de nodulos
en el suelo Bajura fue de 11 g/800 g y en Coloso fue de 15 g/800 g de suelo. Los nodulos de
manganeso del suelo Rio Piedras estaban bien formados y con capas concéntricas claramente
definidas. En los suelos Coloso y Bajura los nddulos de Mn no estaban bien formados y se
observaron masas irregulares en los agregados del suelo. El anélisis de difraccion de rayos X de
los nddulos de manganeso indico la presencia de litioforita y todoroquita en los tres suelos. Los
suelos Coloso y Bajura se encuentran en los niveles mas bajos de la toposecuencia, donde estan
expuestos a fluctuaciones del nivel fredtico con mayor frecuencia. En los suelos Bajura y Coloso
reacciones de reduccién y oxidacién de Mn son mas activas. Este proceso resulta en la formacion

de pequefios nodulos y masas de manganeso. El suelo Rio Piedras se encuentra a mayor

iv



elevacién y el nivel freatico no satura el perfil del suelo. La mayor tasa de oxidacion crea
estabilidad y nodulos bien formados. La presencia de nddulos de manganeso en el horizonte Ap
del suelo Rio Piedras indica cambios significativos en las condiciones hidroldgicas en esta

toposecuencia, y sugiere un posible levantamiento del terreno.
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1 Introduction

Manganese (Mn) nodules are sedimentary rocks, generally spherical or irregularly round in
shape with concentric layers formed from manganese and iron mineral precipitation. They are
the major depositional form of Mn and Fe in oceans, lakes and soils (Wen-Fen, et. al., 2006;
Burns, 1976; Burns and Burns, 1975; Dixon and Skinner, 1992; McKenzie, 1989). Concretion
formation is influenced by soil environments alternating between flooded anaerobic conditions
and dryer aerobic conditions. During wet periods, Mn is reduced and dissolves in pore waters,
while during dry periods it reprecipitates and cements soil particles (Tebo et. al., 1998).
Repetition of this process eventually forms millimeter — size nodules that often exhibit the

concentric layering suggestive of seasonal growth (Manceau et. al., 2003).

The presence of manganese nodules in agricultural fields affects: (1) the availability of labile
manganese, (2) the presence of the different valence states of manganese and their roles as
electron donors or acceptors in oxidation and reduction reactions (Gambrell, 1996), and (3) the
availability of both nutritious and toxic trace metals to plants, due to manganese

oxides/hydroxides high absorbent capacity for heavy-metals (Negra et. al., 2005a).

In Puerto Rico manganese nodules have never been studied in terms of its quantification and/or
characterization. This research presents the basis to understand the occurrence of manganese
nodules in the soils of the Coloso Valley. We presented them not only as a valuable source of

information about the mineralogy and geochemistry of Mn oxides in soils, but also as indicators



of soil drainage, pH, parent material, maturity and nutritious and toxic trace metals availability

and their environmental impact for vegetative, soil and aquatic environments.



2 Literature Review

Manganese (Mn) is the 12" most abundant element in the Earth’s crust and is an essential trace

metallic element for plant nutrition. The main defined function of manganese in plants is during

the first stage of photosynthesis (light reactions) when water is oxidized to oxygen by Mn ions

(Mn*) (Taiz and Zeiger, 2002). Manganese also activates several enzymes such as

decarboxylases and dehydrogenases involved in the citric acid cycle. Manganese gets to the soil

solution from the depletion of rocks, by their interactions with surface water, forming soluble,

exchangeable, adsorbed or by reprecipitation
insoluble manganese. Soil pH and reduction
potential are the primary factors affecting
Mn chemical form. Waterlogged conditions
and/or pH levels below six favor reduction

to the more mobile and plant available

divalent Mn (Mn*), while higher pH and

oxidized soil conditions favor Mn®™

oxidation to the Mn*™ form which is
generally found in insoluble oxides in soils
(Figure 2.1). A variety of Mn oxide minerals
occur in different soils. Birnessite,
todorokite, lithiophorite, and hollandite are

being reported as the most common (Table

Figure 2.1 Fields of stability of Mn species in
aqueous solution (Hem, 1963)
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2.1). During pedogenesis manganese oxides can accumulate forming redoximorphic features
such as masses, concretions and nodules. Masses are noncemented bodies of various shapes that
cannot be removed as discrete units. Concretions and nodules are cemented bodies that can be
removed as discrete units from soil. Nodules present concentric layers of material around a point,

line, or plane and.

The presence of manganese masses, concretions and nodules has been investigated with different

approaches. One approach studies its occurrence and physical properties for taxonomic

evaluations. The USDA-NR Fiel . : .
vaiuat CS Field Table 2.1 Manganese oxide minerals (Dixon &

Book for Describing and Sampling White, 2002)
Mineral or
Soils records them as concentrations or svnthetic Chemical formula
equivalent
redoximorphic ~ features.  Physical | Bimessite ( Na, Ca, Mn ™ ) Mn, O,
properties such as type, quantity, size *284,0
’ ' Buserite Na,Mn,O,, w2150

and color are evaluated. Iron and Mn | Chalcophanite | Zudfn, 0, 8 214 ,0

Coronadite Ph (Mn™ Mn™ ), O (x=1-14)
Cryptomelane | X (Mu* Mu™), 0, (x=13-15)
Mn features slightly effervess with | Hausmannite | Mu,0,

Hollandite Ba (M Mn™),0,(x=1)
Lithiophorite | (A!, Li)MnO,(OF ),

commonly occur in combination, but

hydrogen peroxide (H,O,). This

effervescence comes from the products | Manganite MnOOH

Nsutite Mn4+Mn3+(D, OH ),
of hydrogen peroxide decomposition |[Pyrolusite M0,
catalyzed by manganese oxide |lemsdellite | M0,

Rancieite (Ca, Mn)Mn, 0, nH 0

(2H,0, —*—0, +2H,0) . Another | Romanechite | Ba, . (Me** Mn™) 0y #1.34H,0
Todorokite (Nﬂ,CﬂsKj'n_}nj(MﬂhM??h:'sOu
®3 00,0

environment  necessary for the | Vemadite MnQy #nid 0

approach evaluates the soil




accumulation of manganese oxides. Alternating flooded anaerobic conditions and dryer aerobic
conditions has been reported as the main process for concretion formation. During wet periods,

Mn is reduced and dissolved in pore water, while during dry periods they re-precipitate and

accumulate through microbial oxidation and auto-oxidation of Mn"(Wen-Feng et. al., 2006;
Sullivan and Koppi, 1992). Repetition of this process eventually forms millimeter — size nodules
that often exhibit the concentric layering suggestive of seasonal growth (Manceau et. al., 2003).
Since these conditions occur at different intensities in each type of soil and even along the soil
profile, the manganese features in each soil will vary in occurrence, and physical and chemical
properties. Soil properties such as parent material, texture, pH, manganese concentrations,
maturity, and landscape position influence manganese oxides of accumulation. For example,
manganese oxides are more abundant in soils formed from mafic rocks than from siliceous
clayey sediments (Dixon and White, 2002). Mn nodules are found in subsoil layers where the pH
is higher than the upper layers, thus promoting Mn oxidation and precipitation of the oxides
(Dixon and White, 2002). There is a general relationship between the type of Mn oxide and the
age and maturity of the soil, birnessite occurs in young soils, todorokite occurs in young and
intermediate-age soils and in rock weathering systems and litiophorite is the only one identified

in nodules from old highly weathered soils (Dixon and White, 2002) (Figure 2.2).

Figure 2.2 Manganese oxide minerals formed in different environments (Dixon & White, 2002)




On the other hand, it has been reported that nodule Figure 2.3 Structure of soil lithiophorite

. . . L and incorporation mechanism of nickel
formations is favored over concretion formation in (Manceau et. al., 2002)

silt loam texture soils that provide microsites for
reoxidation of reduced Fe and Mn (D’Amore et. al.,
2004). Concretions can form but may no longer be
actively growing by accretion of iron and manganese
if the source in the soil matrix has been exhausted
(D’Amore et. al., 2004). Dixon and White (2002) reported that on shoulder slopes, Mn
accumulation was greater at depths >1 m and much residual Mn persisted in unweathered silicate
minerals. On footslopes Mn content was higher in the upper one-half meter of soil where it was
correlated with a greater content of exchangeable ions, organic matter, and Mn removed by

chemical fractionation.

Manganese nodules have been also investigated in their structure and composition. Most Mn
oxides exist in octahedral coordination surrounded by O atoms (Dixon and White, 2002). These
are assembled by sharing edges or corners into a large variety of different structural
arrangements, most of which fall into one of two major groups: (1) chain or tunnel structures,
and (2) layers structures (Post, 1999). In the phyllomanganates, the octahedral have shared
edges, and in the tectomanganates, the corners of the octahedral are shared to form tunnels
(Dixon and White, 2002). Pyrolusite, ramsdellite, nsutite, hollandite, and todorokite are reported
as tunnel structures and lithiophorite, chalcophanite, and birnessite are grouped as layer
structures (Post, 1999). Because of the three different oxidation states of manganese (+2, +3, and

+4), manganese oxides display a remarkable diversity of atomic architectures, many of which



easily accommodate a wide assortment of other metal cations (Post, 1999). Silicon, Fe, Al and
Mn are being reported as the major elements of the iron-manganese nodules (Wen-Feng et. al.,
2006). Also, the high reactivity of manganese oxides due to their high negative surface charge,
low point zero charge and large surface area (Negra et. al., 2005a) makes them potential sites for
ion fixation. These properties provide manganese oxides with high adsorption capacity and
scavenging capability. Metals such as Ni, Zn, Co, Pb, Cd, Ba, and Ce are being reported to be
sequestrated by ferromanganese nodules (Manceau et. al., 2003). For example, Manceau et. al.
(2003) found that there is a systematic association of Ni with lithiophorite, suggesting that Ni
should be located in a definite cation site of the manganese oxide crystal structure (Figure 2.3).
Adsorption and precipitation of iron-manganese nodules could control the contents and chemical
action of heavy metals in soil, and reduced activity of heavy metals in soil solution (Wen-Feng
et. al., 2006). Understanding such processes is important for maintaining and improving soil
fertility, mitigating health affects in humans and animals, and for treatment of water for

consumption and industrial use (Post, 1999).

Manganese oxides are not only important sorbents for nutrients and pollutants, but also the
catalysts for many chemical reactions, including redox reaction, which affects the concentration,
species, chemical behavior, availability, and toxicity of trace metals to plants and animals in soil
and sediments (Wen-Feng et. al, 2006; Adams et al., 1969; Gilkes, 1988; Huang, 1991; Murray

and Dillard, 1979). Their oxidation potentials are even higher than O, (Dixon and White, 2002).

Manganese oxides can oxidize Co* toCo*", Cr*toCr®, and As*to As®" . In particular, Mn is

the only known oxidizer of trivalent Cr in soils (Negra et. al., 2005a).



Techniques such as transmission  electron Figure 2.4 X-ray diffraction patterns
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microscopy, x-ray powder diffraction (Figure 2.4), | |ithiophorite (Dixon & White, 2002)
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3 Evaluation and Characterization of the Soil Profiles

3.1 Methodology

Three pits with different elevations were dug at the Coloso Figure 3.1 Field pH Determination

Using the Hellige-Truog Soil

Valley Agricultural Reserve located in western Puerto | paaction Tester

Rico. Each soil profile was described using the Field Book
for Describing and Sampling Soils from Natural Resources
Conservation Services as a reference. Physical properties
such as horizon presence and width, color, rocks, structure,
consistence, redoximorphic features, concentration, ped and
void surface features, roots, and pores were evaluated. Texture and pH were estimated in the
field by hand and using the Hellige-Truog Soil Reaction Tester, respectively. Manganese masses,

nodules or concretions were tested in the field with a solution of 3% hydrogen peroxide (H,0,) .

During this field test manganese dioxide catalyses the decomposition of hydrogen peroxide to

oxygen and water:

2H,0, —¥% 50, + 2H,0 Figur_e 3.2 E_ffervescent
' reaction during manganese

features test

After the field description, soil samples were collected, air-
dried, ground to pass through a 2-mm sieve and stored in
plastic bags. The physical and chemical properties of the
samples were analyzed or corroborated in the laboratory.

Texture was corroborated in the laboratory quantitatively



by the hydrometer method and pH was corroborated using a 2:1 water:soil ratio using a model

310 ORION perpHect LogRmeter.

We determined the taxonomic class of the soil profiles using the data collected from the field,
chemical properties, the Keys to Soil Taxonomy from USDA-NRCS and a report with
recommendations from the USDA-NRCS Major Land Resource Area Leader (Appendix C) as
reference. The classes calculated of each soil were particle-size, mineralogy, cation-exchange

activity and soil temperature.

3.2 Results and Discussion
3.2.1 Site Description

The Coloso Valley Agricultural Reserve is located in northwest Puerto Rico in the municipality
of Aguada. The soils of the Coloso Valley are surrounded by the Cafas and Culebrinas Rivers
(Appendix A). The Culebrinas River originates in southwestern Lares municipality and flows for
25 miles until it empties into the Mona Passage between Aguada and Aguadilla municipalities. It
passes through several geological formations from Upper Cretaceous, Younger Tertiaries
(Aguada Limestone and San Sebastian Formation) and Igneous Lava Flows dissolving and
bringing a mixed parent material to the valley. The toposequence starts with Rio Piedras pedon
in the south part of the Valley at 18° 22° 47.1°’N 67° 08” 57.2°°W. Next is the Bajura pedon at
800 meters north from Rio Piedras site at 18° 23’ 13.5°’N 67° 09 00.7°”W and 500 meters north

from Bajura is Coloso pedon at 18° 23 29.9”°N 67° 08 58.1”"W.

10



3.2.2 Pedons Descriptions

The soils profiles were identified in the Web Soil Survey from Natural Resources Conservation
Services as Rio Piedras (Typic Hapludults), Bajura (Vertic Endoaquolls), and Coloso (Vertic
Dystrudepts) (See Appendix B). Rio Piedras soil occurs at high elevations (~20m). Coloso and
Bajura soils occur at the lower levels (~5m). The Rio Piedras pedon had 8 horizons. They were
identified in the field as: One Ap (0 to 20 centimeters), three Bts (20 to 36, 36 to 53, and 53 to 69
centimeters), three Btvs (69 to 104, 104 to 135, and 135 to 163 centimeters), and one C (more
than 163 centimeters) (Figure 3.3). Yellow-Red colors were dominant in the horizons and texture
was clay loam throughout. Manganese concretions were found in the Ap horizon and manganese
masses in the Bt, . Plinthite nodules were found in the Bt,, Bt, and Btv horizons. Soil pH was
strongly acid throughout the whole profile. Bajura pedon had 5 horizons. One Ap (0 to 20
centimeters), one A (20 — 38 centimeters), two Bwg (38 to 58 and 58 to 86 centimeters), and one
Cg (86 — 160 centimeters) were identified in the field (Figure 3.4). Grayish brown colors were
dominant in the horizons and texture was clay throughout. Manganese masses were found in the

A, Bwg, and Cg horizon and manganese concretions in the Bwg, . Soil pH was slightly alkaline
in the Ap, A and Bwg, and neutral in the Bwg,and Cg horizons. Coloso pedon had 5 horizons:
one Ap (0 to 36 centimeters), one Bw (36 — 58 centimeters), two Btg (58 to 89 and 89 to 117
centimeters), and one Bwg (117 — 165 centimeters) (Figure 3.5). Brown colors were dominant in
the horizons and texture was clay throughout. Manganese concretions were found in the Btg, and
Bwg horizons and manganese masses in the Bw. Soil pH was moderately alkaline throughout

using the Hellige-Truog Soil Reaction Tester.

11



3.2.3 Pedons Samples Chemical Analysis

Rio Piedras pedon resulted extremely acid throughout with pH values from 3.6 to 4.4. The first
two horizons of Bajura soil were slightly acid and last three horizons were neutral. The first three
horizons of Coloso soil were slightly alkaline and the last two horizons were neutral. The pH of
Rio Piedras and Bajura pedons increased with increasing depth, while in Coloso the pH
decreased with depth (Table 3.4). Texture of all the horizons of the three soil profiles were clay

throughout (Table 3.5).

12



Figure 3.3 Rio Piedras Pedon
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Figure 3.4 Bajura Pedon
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Figure 3.5 Coloso Pedon
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Table 3.1 Rio Piedras Field Pedon Description

Horizon

5YR 4/4

Texture

Concentrations

15%, Fe-Mn
concretions

Redoximorphic
Features

60% 7.5YR 5/6
40% 2.5YR 4/6

10%, Fe-Mn
concretions
10YR 2/1

80% 7.5YR 5/6
20% 10YR 8/1

10%, Fe masses
25YR 4/6

<2%, PLN 10R 4/8

60% 7.5YR 5/6
20% 5YR 5/6
20% 10YR 8/1

<5%, PLN 10R 4/8

40% 2.5YR 4/6
40% 10YR 6/6
10% 10YR 8/1
10% 10YR 7/8

~15%, PLN 10R 4/8

104 - 135

10YR 6/3

~15%, Fe masses
2.5YR 5/8

~2%, Fe masses
7.5YR 6/8

~10%, PLN 10R 4/8

135-163

5Y 7/3

~3%, Fe masses
10YR 6/8

~5%, PLN 10R 4/8

163 +

5Y 7/3
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~10%, Fe masses
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Table 3.2 Bajura Field Pedon Description

Horizon

80% 710YR 3/2
20% 10YR 3/1

Texture

Concentrations

Redoximorphic
Features

c,f, 10YR 4/6
oxidation root
channel

80% 10YR 3/1
20% 10YR 3/2

15%, Fe masses
10YR 5/6
5%, Fe-Mn masses

c,f, 10YR 4/6
oxidation root
channel

60% 10YR 5/1
40% 10YR 5/6

10%, Fe-Mn masses
5%, Fe masses
5YR 4/6

10YR 4/1
depleted root
channel

75% 10YR 5/1
25% 10YR 4/6

10%, Fe-Mn
concretions
5%, Fe-Mn masses
75YR 5/8

10YR 3/1
depleted root
channel

Table 3.3 Coloso Field Pedon Description

Horizon

70% 5GY 5/1
30% 7.5YR 5/8

10YR 4/1

Texture

5%, Fe-Mn masses
(+H202)

Concentrations

Fe masses
75YR 4/4

Redoximorphic
Features

70% 10YR 5/1
30% 10YR 5/8

10%, Fe masses
5YR 4/4
5% Fe-Mn masses

58 — 89

90% 10YR 5/1
10% 10YR 4/6

~10%, Fe-Mn
concretions

15% Fe masses
75YR 4/6

89 — 117

65% 10YR 5/6
35% 10YR 5/6

5% Fe-Mn
concretions

117 - 165

80% 10YR 4/1
20% 10YR 4/6
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Table 3.4 Determination of the Horizons’ pH Using a 2:1 water:soil ratio

Rio Piedras
: Depth
Horizon (cm) pH

1 Ap 0-20 3.6
2| Btl 20—36 | 3.8

3| Bt2 36-53 | 3.9

41 Bt3 53-69 | 3.9

5| Btvl | 69-104 | 3.9

6| Btv2 |104-135( 4.0

7| Btvd |135-163| 4.3

8 C 163 + 4.4

Bajura Coloso
. Depth : Depth ‘
1 Ap 0-20 |64 1 Ap 0-36 | 7.4
2 A 20—-38 | 6.5 2 Bw 36-58 | 7.5
3 | Bwgl | 38-58 | 6.7 3 Btgl 58-89 | 74
4 | Bwg2 | 58-86 [6.8 4 Btg2 |89-117 | 7.2
5 Cg |86-160 |6.9 5 Bwg 117 -165| 7.2
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Table 3.5 Determination of the Horizons’ Texture Using the Hydrometer Method

[ Riokedns 1]
I | Depth | Sand | Silt | Clay | |
Horizon (cm) Percent || Percent [| Percent Texture

— . : 0. Clay

2036 . . . Clay

36 — 53 : : . Clay

53 - 69 . . . Clay

69-104 | O, . . Clay

104 - 135 . . . Clay

135-163 | 0. . . Clay

163 + : : . Clay

Bajura

Honzon Depth Sand Sllt Clay Texture
(cm) Percent Percent Percent
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Table 3.5 Determination of the Horizons’ Texture Using the Hydrometer Method (cont.)

Horizon Depth
(cm)
Ap 0-36

Coloso

Sand Silt Clay
Percent || Percent [| Percent
0.12 0.21 0.67

| Texture |

Clay

Bw 36 - 58

0.19

0.21

0.60

Clay

58 — 89

0.11

0.20

0.69

Clay

89 - 117

0.14

0.20

0.66

Clay

117 - 165

3.2.4 Pedons Characterizations

The clay percent in the control section of Rio Piedras pedon was 69.07%, Bajura’s pedon was
70.97% and Coloso’s 65.53%. The three pedons are classified as very fine. Thermal analysis data
provided by USDA-NRCS indicate that mineralogy in the control section was 57% kaolinitic and
4% gibbsite for Rio Piedras and 63% kaolinitic and 5% gibbsite for Bajura. The soil temperature
in this area is isohyperthermic (above 22° C) and the difference between the mean summer and
the mean winter soil is 6° C or less (Lugo-Camacho, 2005). The soil moisture regime is udic.
According to these results, the data collected from field observations and recommended by
USDA-NRCS MLRA 15 — 9 Soil Survey Office, Rio Piedras’ pedon classifies as Very fine,
kaolinitic, isohyperthermic Oxic Dystrudepts, Bajura’s pedon as Very fine, kaolinitic,

isohyperthermic Fluventic Edoaquepts and Coloso as Very fine, kaolinitic, isohyperthermic

Vertic Endoaquepts.

0.15

20

0.19

0.65

Clay




Table 3.6 Particle-size class determination in Rio Piedras pedon

Former
Horizon Thickness (in) || Clay Percent [§ Thickness * Clay %
Designation

Total thickness * Total
Clay %

70

68

72

68

Table 3.7 Particle-size class determination in Bajura pedon

Former Current _Total
Horizon Horizon Thickness (in) | Clay Percent [§ Thicknes * Clay % thickness *
Designation [| Designation Total Clay %
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Table 3.8 Particle-size class determination in Coloso pedon

Former Current _Total
Horizon Horizon Thickness (in) | Clay Percent || Thicknes * Clay % thickness *
Designation || Designation Total Clay %

67

60

69

66
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4 Quantification and Characterization of Manganese Nodules

4.1 Methodology

A subsample of 800 g from each soil horizon was washed Figure 4.1 Manganese Nodules

Extraction.

with distilled water using a # 10 sieve to extract manganese
nodules greater than 2 mm (Figure 4.1). Manganese nodules
were placed in a desiccator for 48 hours, weighed and
evaluated for concentric layering using an Olympus SZX — 12
Stereomicroscope, Paxit Digital Camera and Imaging Software.
The nodules were ground using an agate mortar and then

analyzed by x-ray diffraction using a Siemens D-5000 Diffraktometer.

4.2 Results and Discussion

Manganese nodules from each soil differ in Figure 4.2 Manganese masses in Bajura

Soil Profile.

occurrence, kind, size, quantity and position. The
largest Mn nodules were observed in the Ap
horizon of the Rio Piedras soil series; however this
site had the fewest nodules. Two grams of
manganese nodules per 800 g of soil were
observed. In Bajura and Coloso soil series, the
largest occurrence of manganese nodules was

observed in the Bwg horizon. The nodule mass in Bajura soil was 11 g/800 g and in Coloso soil
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it was 15 g/800 g (Table 4.1). Manganese nodules from the Rio Piedras soil were well formed
with clearly defined concentric layers (Figure 4.4). In the Coloso and Bajura soils the Mn
nodules were not well formed and irregular masses of Mn oxides were observed on soil peds
(Figure 4.2). In Bajura and Coloso, as depth increases, the mass of manganese nodules also
increase until they hit the horizon with permanent saturating conditions. In Rio Piedras as depth
increases, the mass of manganese nodules decreases and only the Ap horizon presents a

significant amount of manganese nodules.

X-ray diffraction patterns of all the manganese nodules were very similar with broader peaks.
The presence of quartz is indicated by a narrow peak around 26.5° 2-Theta. Peaks around 10 — 14
and 35 — 40° 2-Theta indicated the possible presence of lithiophorite or todorokite. We suggest

that peaks around 19 — 21° are todorokite and at 50° are lithiophorite (Figures 4.4-4.8).
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Figure 4.3 Manganese modules images using an Olympus SZX — 12 Stereomicroscope, Paxit Digital Camera
and Imaging Software. Up: Mn nodules from Rio Piedras Soil Series, Close up of first image showing
concentric layers. Down: Bajura Soil Series concretions and Close up of concretions showing the absence of
concentric layers.
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Table 4.1 Quantification of Manganese Nodules

| Rio Piedras I
_ " Depth (cm) | Weight () | Percent ]

0-20

2.0349

0.25

Btl

20 - 36

0.5919

0.07

Bt,

36 — 53

0.4346

0.05

Bt,

53-69

0.0677

0.01

69 — 104

0.0672

0.01

104 - 135

0

0

~N| o) O B W N[

135-163

o

o

163>

o
O
o
o

Horizon Depth (cm) Welght (9) |

0-20

Percent |
0

A

20 — 38

0.1994

Bwg,

38 — 58

0.9393

0.02
0.12

Bwg,

58 — 86

9.7367

1.22

I Cg 86 — 160 2.4449 0.31 I

i Horizon | Depth (cm) | Welght (0) | Percent |

0—-36

36 — 58

0.1632

58-89

1.1624

89 - 117

12.9529

117 — 165

14.9704
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Figure 44 X-ray diffraction patterns of manganese nodules of Rio Piedras’ Ap horizon

Todorokite
or
Lithiophorite

Quartz

Todorokite

Todorokite
or
Lithiophorite

Lithiophorite
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Figure 4.5 X-ray diffraction patterns of manganese nodules of Bajura’s Bwg2 horizon

Todorokite
or
Lithiophorite

Quartz

Todorokite

Todorokite
or
Lithiophorite

Lithiophorite
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Figure 4.6 X-ray diffraction patterns of manganese nodules of Bajura’s Cg horizon

Todorokite
or
Lithiophorite

Quartz

Todorokite

Todorokite
or
Lithiophorite

Lithiophorite
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Figure 4.7 X-ray diffraction patterns of manganese nodules of Coloso’s Btg2 horizon

Todorokite
or
Lithiophorite

Quartz

Todorokite

Todorokite
or
Lithiophorite

Lithiophorite
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Figure 4.8 X-ray diffraction patterns of manganese nodules of Coloso’s Bwg horizon

Todorokite
or
Lithiophorite

Quartz

Todorokite

Todorokite
or
Lithiophorite

Lithiophorite
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5 Conclusions

We proposed that the occurrence of manganese redoximorphic features in the Coloso Valley
Agricultural Reserve is influenced by hydrology and geology. The soils of the Coloso Valley are
surrounded by the Cafas and Culebrinas Rivers (Appendix A) which causes the variability in the
water table and brings a variety of elements such as manganese to the valley. We proposed that
the variability in occurrence, size and shape of manganese nodules are also influenced by the
topography of the site. Coloso and Bajura pedons occur at the lower levels in the toposequence,
where they are subjected to continuing soil depositon (nutrients) and to wetting and drying. In
Bajura and Coloso pedons a more active redox process of Mn is taking place. This process
results in the formation of small manganese nodules and masses, but greatest in occurrence. Rio
Piedras pedon occurs at higher elevation and the water table never saturates the soil profile. The
lack of soil environment for concretion formation explains the fewest occurrences. To explain
the occurrence of manganese nodules we proposed the theory that Rio Piedras pedon once was at
the same elevation of Bajura and Coloso and a significant geologic change, for example an event
of soil uplifting brought the soil to a higher elevation. Then, the highest rate of oxidation creates
stability and well formed nodules. Although a clear differentiation between lithiophorite and
todorokite was not possible by XRD we should expect a predominance of lithiophorite in the
older soil. A total chemical analysis of nodules composition may be helpful to differentiate

between both oxides, since Al and Li are two components of lithiophorite.
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Appendix A. Site Report

Figure Al. Aerial view of Coloso Valley Agricultural Reserve
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Figure A2. Soil Map of Coloso Valley Agricultural Reserve
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Figure A3. Manganese Nodules in Rio Piedras soil (Crop Dioscorea esculenta)
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Appendix B. USDA-NRCS Pedon Descriptions

Figure B1. Rio Piedras Pedon Description Part A
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Figure B2. Rio Piedras Pedon Descirption Part B
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Figure B3. Bajura Pedon Description Part A
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Figure B4. Bajura Pedon Description Part B
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Figure B5. Coloso Pedon Description Part A
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Figure B6. Coloso Pedon Description Part B

45



Appendix C. USDA-NRCS Soil Characterization Report

USDA-NRCS MLRA 15-9 Soil Survey Office

Rio Piedras Series

Control Section: 25 to 100 cm (10 to 40 inches)

According to the SO9PR-003001 (Thermal Analysis) the mineralogy is kaolinitic.

14 to 21 inches (Bw,) 57% kaolinitic and 4% gibbsite

21 to 27 inches (Bws) 56% kaolinitic and 3% gibbsite
http://ssldata.nrcs.usda.qgov/rptExecute.asp?p=40146&r=1&r=2&r=3&submitl=Get+Repo
rt

The soil temperature regime in this area is isohyperthermic (above 22° C) and the
difference between the Mean Summer and the Mean Winter Soil is 6°C or less (Lugo-
Camacho, J.L., 2005. The Soil Climate Regimes of Puerto Rico-Reassessment and
Implications. M.S. Thesis. Department of Agronomy and Soil Science; University of Puerto
Rico-Mayaguiez). http://grad.uprm.edu/tesis/lugocamacho.pdf

The Soil Moisture Regime is Udic (http://grad.uprm.edu/tesis/lugocamacho.pdf)

Bajura Series
Control Section: 25 to 100 cm (10 to 40 inches)
According to the SO9PR-003004 (Thermal Analysis) the mineralogy is kaolinitic.

14 to 23 inches (Bwg;) 63% kaolinitic and 5% gibbsite

http://ssldata.nres.usda.gov/rptExecute.asp?p=40147&r=1&r=2&r=3&submitl=Get+Report

The soil temperature regime in this area is isohyperthermic (above 22° C) and the difference between
the Mean Summer and the Mean Winter Soil is 6°C or less (Lugo-Camacho, J.L., 2005. The Soil Climate
Regimes of Puerto Rico-Reassessment and Implications. M.S. Thesis. Department of Agronomy and Soil
Science; University of Puerto Rico-Mayagiiez). http://grad.uprm.edu/tesis/lugocamacho.pdf

The Soil Moisture Regime is Udic (http://grad.uprm.edu/tesis/lugocamacho.pdf)
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http://ssldata.nrcs.usda.gov/rptExecute.asp?p=40146&r=1&r=2&r=3&submit1=Get+Report
http://ssldata.nrcs.usda.gov/rptExecute.asp?p=40146&r=1&r=2&r=3&submit1=Get+Report
http://grad.uprm.edu/tesis/lugocamacho.pdf
http://grad.uprm.edu/tesis/lugocamacho.pdf

Coloso Series

Control Section: 25 to 100 ¢cm (10 to 40 inches)

According to the SOS5PR-003001R the mineralogy is kaolinitic (as recommended by the National Soil
Survey Lab according to the SO9PR003004 Thermal Analysis Data
(http://ssldata.nres.usda.gov/rptExecute.asp?p=40147&r=1&r=2&r=3&submit1=Get+Report).

http://ssldata.nres.usda.gov/rptExecute.asp?p=32621&r=1&submitl=Get+Report (Coloso)
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