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Chronosequence, Santa Cruz, California

The distribution, chemistry, and morphology of Fe nodules were studied in a marine terrace soil chronosequence
northwest of Santa Cruz, California. The Fe nodules are found at depths <1 m on all terraces. The nodules
consisted of soil mineral grains cemented by Fe oxides. The nodules varied in size from 0.5 to 25 mm in diameter.
Nodules did not occur in the underlying regolith. The Fe-oxide mineralogy of the nodules was typically goethite;
however, a subset of nodules consisted of maghemite. There was a slight transformation to hematite with
time. The abundance of soil Fe nodules increased with terrace age on the five terraces studied (aged 65,000~
226,000 yr). Scanning electron microscopy (SEM) revealed Fe-oxide-containing fungal hyphae throughout the
nodules, including organic structures incorporating fine-grained Fe oxides. The fine-grained nature of the Fe oxides
was substantiated by Méssbauer spectroscopy. Our microscopic observations led to the hypothesis that the nodules
in the Santa Cruz terrace soils are precipitated by fungi, perhaps as a strategy to sequester primary mineral grains
for nutrient extraction. The fungal structures are fixed by the seasonal wetting and dry cycles and rounded through
bioturbation. The organic structures are compacted by the degradation of fungal C with time.

Abbreviations: ICP-MS, inductively couple plasma mass spectrometry; SEM, scanning electron
microscopy; XRD, x-ray diffraction.

t is an understatement to say that studies of Fe in soils are abundant. The distri-

bution of Fe in a soil is an important parameter of soil development. In addition,
soil Fe oxides are a major contributor in adsorption and cation exchange reactions,
and participate in oxidation—reduction reactions. Soil nodules and concretions of
Fe and Mn are common and have been reported to occur worldwide. Recently,
Fe soil nodules have been the subject of much work on the sequestration of heavy
metals (Manceau et al., 2003; Cornu et al,, 2005). As in many soils, the chronose-
quence soils in this study contain hard Fe nodules in the top 1 m.

The Santa Cruz soils are not unique; Fe-rich soil nodules occur in many soils
of coastal California. Emery (1950) reported up to 50% (w/w) Fe nodules in the
soil on the Loma Vista terrace in San Diego County (reported to be 1,000,000~
1,200,000 yr). Nodules occur in soils of marine terraces on the offshore islands
in southern California (Johnson, 1972, 1988; Muhs, 1982) and in coastal soils
of Monterey and Santa Barbara counties (Don Johnson, personal communica-
tion, 2009). Moody and Graham (1995), in a study of marine terraces near Santa
Barbara, reported up to 70% (w/w) nodules above a 1-m depth on their oldest
terrace, which they dated as 560,000 yr. Nodules have also been found in marine
terrace soils near Mendocino (personal observation, 2005). In a few of these stud-
ies, some nodules were recognized as being magnetic.

Studies of lateritic Fe pisolites are numerous and there is a temptation to com-
pare these with temperate soil nodules. Tropical to subtropical lateritic soils, how-
ever, may not be good analogs for the temperate processes forming the nodules

at the Santa Cruz sites. Nevertheless, some researchers have used the presence of
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Fe~Mn nodules in a soil to indicate subtropical to tropical cli-
mates. A review of the literature reveals that temperate soils that
have not been subjected to tropical weathering do contain nod-
ules (Schwertmann and Fanning, 1976; Arocena and Pawluk,
1991; Brown and Thorp, 1942).

Detailed studies of the soil mineralogy, chemical weather-
ing, hydrology, and weathering rates have been completed on
the Santa Cruz terrace chronosequence (Munster and Harden,
2002; White et al., 2008, 2009; Maher et al., 2009). The cur-
rent study builds on the previously published work at these sites.
The goal of the current study was to understand the processes
of nodule formation. To this end, we identified trends in nod-
ule abundance with soil age and soil depth, and analyzed nodule
chemistry, mineralogy, and morphology.

SITE DESCRIPTION

The coastal marine terraces west and north of Santa Cruz,
CA (Fig. 1), consist of bedrock platforms covered by sedi-
ment. The bedrock platforms were planed into the Santa Cruz
mudstone and Santa Margarita sandstone formations (both of
Miocene age) by wave action during periods of high sea level.
The combined effects of tectonic uplift and periodic changes in

sea level created emergent wave-cut platforms that are blanketed

with 1 to 10 m of sediment (Bradley and Griggs, 1976). The ter-
race sediments are derived principally from the granitic core of
the Santa Cruz Mountains, but also include material from local
sedimentary formations. The terrace deposits, which blanket the
wave-cut platform, have been characterized as reworked beach
and shallow marine deposits left by a regressing sca (Bradley,
1957), and as near-shore marine sediments overlain by fluvial,
colluvial, and acolian deposits (Weber and Allwardt, 2001). The
presence of clays in the terrace sediments, first noted by Bradley
(1957) and identified by White et al. (2008) as a Fe-rich smec-
tite, further constrains the depositional environment to shal-
low marine. Marine terrace formation as modeled by Trenhaile
(2005) showed that the fine-grained (smectite clay) shallow ma-
rine facies can be secluded and preserved from wave base erosion
by the armoring effect of drifting coarse-grained beach sediments
during a sea-level regression or transgression.

The soil formation on the terrace deposits began as they
emerged during sea-level regression and continues to the pres-
ent. The highest terraces have the oldest and most highly weath-
ered soils. The soil series and soil classifications for our sites are
found in Table 1. The sampling sites are all located on Mollisols.
The soils are currently occupied by a coastal prairie ecosystem

with predominately non-native European annual grasses. We've

Fig. 1. Map and location of sampling sites. The SCT1 site is located approximately 5 km east of map area. Instrumented sites are indicated with
triangles, duplicate soil sample from SCT4 indicated with a star.
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Table 1. Soils formed on the marine terraces north of Santa Cruz.

Terrace

Taxonomic classification

. . Soil seriest - - -
designation Soil surveyt Aniku and Singer (1990)
Terrace 1, SCT1 Pinto loam fine-loamy, mixed, thermic Typic Argixeroll coarse-loamy, mixed, mesic Typic Argixeroll
Terrace 2, SCT2 Pinto loam fine-loamy, mixed, thermic Typic Argixeroll
Terrace 3, SCT3 Pinto loam fine-loamy, mixed, thermic Typic Argixeroll fine-loamy, mixed, mesic Ultic Argixeroll

Terrace 4, SCT4 Los Osos loam

Terrace 5, SCT5 Watsonville loam

fine, montmorillonitic, thermic Typic Argixeroll
fine, montmorillonitic, thermic Xeric Argiaboll

fine-loamy, mixed, mesic Ultic Haploxeralf
clayey, mixed, mesic Typic Haploxerult

t According to the soil survey of Santa Cruz County, California (Bowman and Estrada, 1980).

included the soil classifications from Aniku and Singer (1990)
for comparison. Their study occurred on sites closer to the city
of Santa Cruz. Detailed soil descriptions and analyses from our
sites can be found in Munster and Harden (2002) and from the
Aniku and Singer sites in Pinney et al. (2002).

The uplifted marine terraces provide a natural laboratory to
study pedologic, geologic, and geochemical processes with time.
We took advantage of the fact that the older surfaces are pre-
served through tectonic uplift and used them to study pedogenic
processes through time. The age dates used are from Perg et al.
(2001). This central Californiasite currently has a Mediterranean
climate (cool wet winters, warm dry summers). The summer tem-
peratures are moderated by fog. The terraces studied are under
the orographic rainfall influence of Ben Lomand Mountain;
the higher terraces receive more rainfall than the lower (White
et al,, 2009). The average annual rainfall for the city of Santa
Cruz, CA, is 727.2 mm (28.5 inches); the average temperature
is 13.4°C (S6°F).

MATERIALS AND METHODS

Initial surveys, conducted by hand auguring and field observations,
indicated significant variations in depth and relative coarseness of the
terrace deposits. Five sites, one on each terrace, were selected from this
survey for intensive characterization. The selection criteria included: a
lack of significant physical erosion based on the lateral persistence of
level topographical surfaces, a sufficient lateral distance from the toe and
edges of paleo sea cliffs, and the apparent lack of anthropogenic influ-
ences, particularly agriculture on the younger terraces. Unfortunately,
anthropogenic disturbance of the SCT4 surface was detected after it
was fully instrumented. The selected sites also have deep terrace sedi-
ments (4-15 m), which provide sampling environments that extend
below the zone of significant biological mixing.

Soil nodule abundances were determined in air-dried soil samples
from 10-cm depth intervals on each terrace to the 100-cm depth. Soil
sample weights for nodule abundance determination were 500 to 1000
g. Size separations of nodules were done by wet sieving to the following
size fractions: >5.6,5.6 to 4,4 to 2,2 to 1, and 1 to 0.5 mm. In all size
fractions >2 mm, magnetic nodules were removed with a hand magnet
and nonmagnetic nodules were hand separated from any sediment pres-
ent. These subsamples were weighed. Although nodules occurred in the
<2-mm size fraction, the focus of this study was on nodules >2 mm in size.

A representative subsample of nodules from each terrace soil was
taken from the 20- to 30-cm soil depth interval, using the 2- to 4-mm
size fraction, and ground to a powder. Nodule chemistry (by induc-

tively coupled plasma mass spectrometry [ICP-MS]), x-ray diffraction,

Massbauer spectroscopy, and total C content were performed on sub-
samples of the ground mixture of nodules. Chemistry was done with a
PerkinElmer ICP-MS (PerkinElmer Corp., Waltham, MA) using total
dissolution by HF and HNOj;. Total C and total N were determined
by combustion at 1020°C on a Carlo Erba NA1500 clemental analyzer
(Carlo Erba, Milan). It should be noted that, if present, CO;~C would
be part of the total C; however, these soils are acidic, so no CO3—C was
expected and none has been detected. The C and N concentrations of
all soil samples were compared with a main working standard as delin-
cated in Manies et al. (2006). Digital field-emission scanning electron
microscopy (SEM) was done on a Leo 982 (Carl Zeiss SMT, Peabody,
MA). Samples were prepared for the SEM by vacuum coating with Au.
Massbauer spectra were collected using a Ranger Scientific MS-
900 spectrometer, with a VT-900 transducer in constant acceleration
mode (Ranger Scientific, Burleson, TX). Spectra were transferred to
a PC and stored for later analysis. The Méssbauer source from Ritverc
had an initial activity of 3,7 GBq of >’Co embedded in a rhodium foil.
Gamma ray counts were detected by a Reuter-Stokes Kr-CO, propor-
tional counter (GE Reuter-Stokes, Twinsburg, OH). The samples were
cooled in a CRYO Industries of America (Manchester, NH) closed-cy-
cle cryostat, and sample temperature was controlled to +0.1°C by a Lake
Shore Cryotronics 805 controller (Lake Shore Cryotronics, Westerville,
OH). Méssbauer samples were packed into thin-walled Delrin sample
cups, and all spectra were taken in an applied field of 0.05 T perpendicu-

lar to the y-ray beam.

RESULTS
Iron Nodule Morphology
Macroscopic Morphology

Macroscopically, the unbroken nodules looked reddish
brown to dark red. They were usually coated with soil matrix and
were difficult to visually pick out of freshly sampled soil. They
were hard, however, could not be hand crushed, and were casily
found by feel. They were generally spherical or oblate spheroids.
Approximately 20% were oddly shaped, with bulges and clongate
extensions. The odd-shaped nodules tended to be in the large size
fractions (>4 mm). Few of the magnetic nodules were irregularly
formed; most were oblate spheroids. The outside of a nodule
often had protruding mineral grains (most often quartz). In the
dark red nodules, the outer surface could have a shiny appearance
when the soil matrix was washed off. This gave the look of disso-
lution having occurred on the exterior of the nodule.

More than 100 nodules (>2 mm) were cut or broken open
to examine morphologic diversity. The nodules were surprisingly

porous for their strength. In cross-section, nodules >4 mm in
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Fig. 2. Micromorphology of Fe nodules: (A1) a 1-cm-diameter nodule from SCT5
taken with transmitted light; (A2) the same nodule with reflected light; (A3)
a composite of two scanning electron microscope (SEM) backscatter images
of the same nodule, where Fe-rich areas are brighter (in these images, the
white arrows point to the same mineral grain; note the correlation between the
darkest zone in A2 and the Fe-rich zone in A3); (B1) a nodule from SCT3 that is
characteristic of the large nodules having a dense Fe-cemented outer rind with
a less cemented center (the long dimension of the nodule is 1.1 cm); (B2) the
characteristic morphology of smaller nodules, with dense Fe cement through
the entire nodule, both from SCT3 and 0.6 cm in the long dimension; (B3) two
images of a nodule from SCT5 (long dimension is 0.6 cm) where dark zones on
the lower right of the transmitted light image correspond to the brightest area of
the SEM backscatter image. Energy dispersive spectroscopy revealed the bright
areas to be Fe oxides. The feldspar grain above the star is extensively tunneled
with Fe-rich hyphae, creating a smoky look in the transmitted light image.

Magnetic

on-magnetic

Fig. 3. Assorted opened nodules from SCT3 at various soil depths to illustrate
internal morphology. Note how all nodules have a rind that is harder than the
center. The internal morphology of nonmagnetic nodules are heterogeneous,
showing compound morphology with inclusions of smaller nodules, double rinds,
nodules with friable centers, and massive nodules. Smaller nodules tend to have
a macroscopically undifferentiated or massive internal structure. The magnetic
nodules have a darker brick-red color and generally have massive internal
morphology. The starred sample has a partial double rind; note the sediment
caught between the inner and outer rinds.

diameter consisted of Fe oxides cementing sediment with
a hard outer rind. The nodules <4 mm in size were mostly
internally homogeneous. The interior color of a nodule
ranged from dark reddish brown (2.5YR 3/3) to very pale
brown (10YR 7/4). The magnetic nodules tended to be
dark reddish brown (2.5YR 3/4) throughout. The large
nonmagnetic nodules (>4 mm) most often had a dark red-
dish brown (2.5YR 3/4) to reddish brown (SYR 5/4) outer
rind with a very pale brown center (10YR 7/4) (Fig. 2). The
diversity of internal structures was higher in the large nod-
ules than the smaller nodules. Some of the larger nodules
contained what looked to be entrained smaller nodules
(Fig. 3). A few nodules were obviously broken in the soil.
None of the nodules at Santa Cruz exhibited concentric
layers, as reported for nodules in some areas (Phillippe et
al., 1971; Singh and Gilkes, 1996; Palumbo et al., 2001;
Latrille et al., 2001; Stiles et al., 2001; Liu et al., 2002)

Microscopic Morphology

Microscopically, the nodules were complex structures
of primary mineral grains cemented by Fe oxides, clay min-
erals, and fungal hyphae. In thin section with transmitted
light, the Fe in the nodules was generally opaque; how-
ever, occasionally there were transparent-red to brick-red
microcrystalline areas showing wavy extinction with a pe-
trographic microscope. The ochre-yellow centers of larger
nodules were generally transparent in transmitted light,
and the Fe oxides appeared uniformly distributed. Under
incident or reflected light, the complexity of the nodule
became apparent (Fig. 2). The Fe-rich arcas of a nodule
wandered among less densely cemented Fe oxides and soil
sediments (Fig. 2).

All nodules examined by SEM contained fungal
hyphae. In addition, the nodules all had areas of high Fe
content that were usually associated with spherical vesicles
approximately 5 pm in diameter (Fig. 4). Thin-sectioned
nodules, imaged with SEM in backscattered mode, high-
lighted areas high in Fe content, which were the bright-
est zones within the nodules (Fig. 5). Energy dispersive
spectroscopy analyses (not shown) of these zones revealed
a simple chemistry of Fe, O, and C. After examining many
nodules, it became apparent that the high-Fe zones had
a similar morphology in all the nodules; however, the
particular morphologic features present in any one thin-
sectioned nodule were dependent on the geometry of the
thin section plane relative to the high-Fe zone. In cross-
section parallel to the Fe trend, the areas of high Fe were
elongated, with a narrow seam of spherical vesicular fea-
tures in the core (Fig. 5). In a thin section perpendicular
to the trend of high Fe, the area was oblate to amoeboid in
shape, with centrally located vesicles (Fig. 6). The vesicles
were usually lined with fungal hyphae, which also con-
tained or were encrusted with Fe oxides (Fig. 4). Many

thin-sectioned nodules also included an oval structure
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(up to 1 mm in diameter) made up
of circular “cells;” these “cells” were
filled with small vesicles (Fig. 7).

Fungal tunneling into primary
mineral grains within the nodules
was common, especially in the nod-
ules of the older terraces. Fungal
hyphae occupying tunnels within
mineral grains also contained Fe
and appeared in an optical micro-
scope as dark lines penetrating the
grain. This observation supports
a hypothesis that the Fe is actively
precipitated within fungi, because
diffusion and precipitation of Fe
into small tunnels or cracks in a
feldspar grain (which has no Fe in
the primary crystal structure) would
be a slow and less pervasive process.
Within the nodules, areas of high
Fe often wrapped around or en-
capsulated mineral grains (Fig. 5).
Mineral grains surrounded by areas
of high Fe appeared often enough in
the nodules to create the idea that
there may be purpose to it.

Mineral grains within the
nodules showed features of mineral

dissolution, expressed as cavities

between the mineral grain and the Fe-oxide matrix. In some
cases, replacement of mineral grains by Fe oxides had occurred.
Inside a few of the nodules, we found that Fe replaced plant-

derived material.

Iron Nodule Abundance
Nodules were found from the
soil surface to a depth of 1 m (Table
2), with average concentrations gen-
erally increasing with soil age (SCT1
=1.23,SCT2=1.22,SCT3=1.55,
SCT4 = 1.44, and SCTS = 3.28%
w/w). In the younger terrace soils
(SCT1 and 2), nodule abundanc-
es were relatively consistent with
depth. In SCT3 and SCTS, nodules
were most abundant above 50 cm,
with the abundance dropping to
near zero below this depth (Fig. 8).
To examine heterogeneity in nodule
abundance, duplicate profiles were
sampled from several terraces (Fig.
8). Profile SCT1 showed significant
variability with depth. The SCT1A

site, however, had consistent nodule

Fig. 4. Scanning electron micrographs of a nodule from SCT2, 25-cm soil depth taken at low voltage
(5 kV) and of the same area with increasing magnification: (A) a large portion of the broken open
nodule with primary mineral grains cemented in the Fe matrix marked with a star; (B) enlargement of
the indicated area in A showing the vesicular structure tentatively correlated to microcolonial fungi; (C)
enlargement of B—the vesicular structures are always associated with fungal hyphae; (D) enlargement
of the indicated area in C, with hyphae visible inside the vesicles. The inset to D is an enlargement of the
vesicle wall; at this magnification Fe is seen as small particles within the structure.

abundance with depth. These samples were taken within 100
m of one another. On SCT?2, abundance profiles were surpris-
ingly similar and also sampled within 100 m of each other. The
SCTS5 profiles were also sampled within 100 m of each other
and showed the highest variability in abundance. There were no
trends in nodule size with soil age (Fig. 9).

Fig. 5. A thin-sectioned nodule from SCT5: (A) scanning electron microscope backscatter image
showing an area of high Fe (white) with a central vesicular zone oriented diagonally across the nodule,
and mineral grains (gray) surrounded by areas of high Fe in the lower half of the nodule; and (B) an
enlargement of the high-Fe area crossing the nodule in A.
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Fig. 6. Elemental maps done with an electron microprobe of an SCT2 nonmagnetic nodule and a

still lower than SCT3. The SCT4r
sample site is a small erosional rem-
nant (Fig. 1), located within 4 m of
the paleo sea cliff. The nodule abun-
dance there was probably impacted
by erosion and hydrologic process-
es. The proximity to the paleo sea
cliff affected the hydrology of this
site; water drains faster. The nod-
ule abundance on this small terrace
remnant suggests that soil moisture
may be a factor in nodule accumula-

tion and preservation.

Iron Nodule Chemistry
Nodule chemistry, as analyzed
by ICP-MS, is presented in Table
3. The analyses revealed that mag-
netic nodules had a higher Fe,05
concentration (37-42% w/w) than
the nonmagnetic nodules (23-31%
w/w). In general, the FCZO3 con-
tent of the nodules increased with
the age of the terrace (Fig. 10). The
SCT3 nodules are the exception
and had lower Fe,O5 contents than
the SCT2 nodules. In contrast, the
average Fe,05 content of the bulk
soils (in the <2-mm size fraction,
above 2-m soil depth) ranged from
3.0 to 4.6% (w/w). Adding the nod-
ule Fe,O; content to the bulk soil
concentration raises Fe,O; bulk
soil averages to 3.2 to 6.25% (w/w).
Removing large Fe or Mn nodules
by removing the >2-mm size frac-
tion before a bulk chemical analysis
can cause low totals of these ele-

ments in nodule-containing soils.

The nodules of the Santa Cruz

scanning electron microscope backscatter image of the same area. Note the amoeboid shape of the terrace soils had a low Mn content.
main high-Fe area and the vesicles at its center. Iron is the only constituent in the brightest backscatter The amount of MnO in the nodules

zone. Phosphorus, although not abundant, is correlated with the Fe.

Two SCT4 profiles were sampled from sites on either side of
Peasley Gulch (a 700-m-deep stream valley), approximately 1 km
apart. Due to anthropogenic alteration, the instrumented SCT4i
site (Fig. 8, open squares) deviated from the trend of increasing
nodule abundance with increasing soil age. It appeared that up
to 30 cm of the A horizon had been removed at this site. The
nodule distribution was truncated by the disturbance. A second
SCT4 nodule profile was collected on the nearby ridge (Fig. 8,
filled squares). The second profile, SCT4r, contained nodules to

a 1-m depth; however, the average abundance of the nodules was

decreased with terrace age, from

2350 mg kg™! in SCT1 (nonmag-
netic nodules) to 280 mg kg™! in SCTS (Table 3). The MnO in
the magnetic nodules decreased from 780 to 260 mg kg_l with
terrace age. Manganese was concentrated in the nodules rather
than the bulk soils. Soil MnO levels fell from 500 mg kg~! in
SCT1 to 200 mg kg_1 in SCTS. In contrast to the nodules in
these soils, soil nodules from other sites had Mn contents higher
than Fe (Uzochukwu and Dixon, 1986). Manganese concen-
trations in nodules have been correlated to nodule size and soil
depth (Phillippe et al., 1971; Zhang and Karathanasis, 1997), as
well as precipitation amount (Stiles et al., 2001). Although Mn
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levels in nodules are somewhat de-
termined by the amount of Mn in
the parent material, in some areas
it may also be a clue to the process
of nodule formation. The formation
of the nodules in the Santa Cruz ter-
race soils concentrated Mn, yet with
time the Mn content of the nodules
dropped to near soil levels, indicat-
ing a flux of Mn from the nodules
and the soil with time.

Phosphorus was concentrated
in the nodules relative to the P in
the bulk soil (White et al., 2009;
Fig. 10). In contrast, the Ca concen-
tration was higher in the bulk soils
than in the nodules for the younger
terraces but decreased to compa-
rable concentrations for the older
terraces. The bulk soil Ca concentra-
tion reflects the extensive loss of Ca
during hornblende and plagioclase
weathering in the bulk soil. Both

Ca and P are readily sorbed by Fe Fig. 7. Scanning electron microscope backscatter images of an SCT5 nodule with an oval structure
oxides, and as nutrients, the preser- (indicated by square on the top left). These structures were found in many nodules studied, although not

vation of relatively high concentra-

always in such a regular oval shape: (A) a composite of two images to illustrate the whole nodule, with
primary mineral grains evident as rounded gray areas; (B) close-up of the oval structure indicated in A;

tions of these leachable components () close-up of B, showing the large “cell” morphology with small vesicles inside. These structures are
makes the nodules potential targets mostly Fe with associated C containing trace Si and Al.

for concentrated biologic activity.
Indeed, there has been much work on the sorption of P and
Ca by Fe oxides. It has been shown that P was sorbed and held
tightly by Fe-rich soil nodules (Tiessen et al., 1993). It is curi-
ous then that the P,Og concentration in the Santa Cruz nodules
decreased with time (Fig. 10). The loss of P with time scems to
indicate that it is not irreversibly absorbed to the Fe oxides in the
nodules and is therefore biologically available.

The total C concentration in the nodules is reported in Table
3 and Fig. 10. The C content of the nodules (0.57-0.99% w/w)
was less than that of the shallow bulk soil (0-39 cm) and similar
to the soil at the 40- to 100-cm depth, where C was consistently
<1% (w/w).

Iron Nodule Microprobe Analyses

Electron microprobe elemental maps (Fig. 6) reveal the
areas of highest Fe concentration and the complex relationship
between it and other mineral phases. The lighter shades indicate
higher concentrations of the mapped element; black indicates
no detection of the element. The maps are qualitative, and actual
elemental concentrations cannot be assigned. In the Al and Si
panels, the quartz grains can be quickly differentiated from the
feldspars through the lack of Al in the quartz. The high-Fe area
is clearly delineated by the Fe map. Although P was present in
low concentrations, the map of P shows that it is associated with

the high-Fe area. These maps reveal undulating areas of Al and Si

within the outer edges of the high-Fe area. The quartz grain in
the upper left of the map is surrounded by the vesicular high-Fe
structure often seen around mineral grains in the nodules.

Iron Nodule Mineralogy

X-ray diffraction (XRD) mineralogy analysis was done on a
subsample of the ground nodule samples prepared for chemical
analysis. The Fe phase in the nonmagnetic nodules was goethite,
and in magnetic nodules was maghemite. In the nonmagnetic
nodules, there was an increase in height and decrease in peak
width at half peak height of the 0.269-nm peak from SCT1 to
SCTS; this peak occurs in both goethite (hkl 130, intensity 35)
and hematite (hkl 104, intensity 100) XRD patterns. No other
goethite peaks showed a systematic increase in crystallinity. This
seems to indicate a slight transformation to hematite with time
rather than an increase in goethite crystallinity.

Iron Nodule Mossbauer Spectroscopy

Méssbauer spectroscopy provides information on Fe in
mineral phases such as the oxidation state and coordination envi-
ronment of Fe. In soils, Mossbauer spectroscopy has been used in
the identification of Fe oxides, to understand the valance state of
the Fe in minerals, to obtain information on particle size, and to
study the magnetic state of Fe minerals. In these soils, there was

no systematic change in the Méssbauer spectra of nodules with
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Table 2. Nodule abundance in depth increments of bulk soil samples.

Bottom depth
Terrace of sampling

Total weight of
nodules >2 mm

Proportion of

nodules >2 mm  magnetic nodules

Total weight of

Proportion of
magnetic nodules

increment
cm g % wiw g % of total nodules

SCT1 8 13.0 2.5 0.7 5.1
13 9.0 1.7 1.2 13.7

18 15.0 2.9 0.1 0.8

30 10.5 0.7 0.0 0.0

38 17.7 2.2 0.0 0.0

51 17.4 1.3 0.0 0.0

61 44.6 3.0 0.7 1.6

74 6.0 0.5 0.0 0.3

84 0.8 0.1 0.0 0.0

91 0.4 0.0 0.0 0.0

100 0.0 0.0 0.0 0.0

SCT1A 15 7.0 0.4 0.0 0.0
25 10.3 0.8 0.0 0.0

40 28.9 1.9 0.0 0.0

50 24.6 1.8 0.0 0.0

65 25.3 2.1 0.0 0.0

80 13.3 1.3 0.0 0.0

90 3.0 0.3 0.0 0.0

105 1.6 0.2 0.0 0.0

SCT2 10 3.3 0.9 1.5 45.9
20 19.5 1.6 7.1 36.2

25 7.8 1.2 4.2 54.4

30 8.2 1.2 3.8 45.6

40 9.6 1.2 4.6 48.2

46 11.1 1.3 7.9 71.1

56 10.5 1.5 4.1 38.9

70 22.3 1.4 8.7 39.0

80 8.9 0.6 3.6 40.7

SCT2a 13 9.9 1.4 2.9 29.1
25 15.1 1.4 5.5 36.2

38 10.0 1.3 5.8 57.6

51 9.7 1.1 3.9 39.9

58 11.7 1.4 5.3 45.4

74 15.1 1.2 7.6 50.3

84 6.6 1.1 1.8 27.0

97 7.5 0.9 3.4 45.5

SCT3 10 31.6 3.8 9.9 31.5
20 38.8 3.5 7.8 20.1

30 43.2 3.3 10.9 25.1

40 45.5 3.3 11.5 25.3

50 25.6 1.3 6.1 23.9

60 1.4 0.1 0.3 22.8

70 2.0 0.1 0.5 241

80 0.2 0.0 0.1 33.7

90 0.0 0.0 0.0 0.0

100 0.3 0.0 0.1 37.6

SCT4i 10 19.9 2.1 1.0 47.3
20 10.1 0.7 0.5 67.3

30 8.5 0.6 0.4 65.2

40 2.1 0.2 0.0 15.5

50 0.0 0.0 0.0 100.0

60 0.7 0.0 0.0 100.0

SCT4r 15 35.0 2.4 9.6 27.4
30 33.8 1.4 14.3 423

43 40.5 1.8 16.6 411

53 39.2 2.0 15.4 39.4

66 38.1 1.8 12.2 31.9

76 20.8 1.1 10.3 49.5

34 10.1 0.6 5.1 50.8

94 4.7 0.3 1.5 31.9

Continued next page.

soil age. The Méssbauer spectroscopy
of nodule samples showed an iso-
mer shift (3) that ranged from 0.34
to 0.48 mm s 1, indicative of fully
oxidized Fe in the samples. Room-
temperature Mdssbauer spectra of
the nonmagnetic (goethite) samples
exhibited doublets. These same sam-
ples, when brought down to 15 K, ex-
hibited magnetic ordering (Fig. 11).
The magnetic ordering was manifest
in the Mdssbauer spectra through
the appearance of a sextet spectrum
below a characteristic temperature at
which magnetic ordering becomes
prevalent. The change in spectra with
temperature is not uncommon in
soils; it can be due to small crystal-
lite size, water content, or Al substi-
tution for Fe (Mitra, 1992; da Costa
et al., 1995; Betancur et al., 2004).
Although the water and Al contents
of the Fe oxides were unknown, the
temperature effect on the Méssbauer
spectra of the nonmagnetic nodules
could simply be due to the small crys-
tallite size (as imaged by SEM; Fig.
4). The magnetic (maghemite) nod-
ules had a Méssbauer spectrum (not
shown) that was magnetically or-
dered at room temperature (similar
to the nonmagnetic nodules at the
lowest temperature in Fig. 11).

DISCUSSION
Background: Nodule
Formation

The morphology of soil nodules
is generally overlooked as an attri-
bute important to understanding the
nodule formation process. Nodules
(concretions) with thin concentric
layers to the nodule center (like an
onion) are not generally found in
the same soil as nodules without
this layering, an exception being
found by Kemp et al. (1998). Images
of layered nodules can be found in
Stiles et al. (2001) and in Singh and
Gilkes (1996). None of the nodules
in the Santa Cruz terraces exhibited
concentric morphology. A majority
of the Santa Cruz nodules had a ce-

mented matrix; however, most of the
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larger (>4-mm) nodules examined Table 2 (continued).

did exhibit a gross internal morphol- Bottom depth

ogy of a friable inner core and a hard  Terrace of sampling

Total weight of
nodules >2 mm

Proportion of
nodules >2 mm  magnetic nodules

Total weight of Proportion of

magnetic nodules

outer rind (Fig. 2 and 3). These were increment
similar to the nodules described by cm g % Wiw g % of total nodules
Cornu et al. (2005). SCT5 8 13.3 43 1.9 14.5
An effort to include soil nod- 13 37.8 7.7 8.3 221
ule morphology in soil nodule stud- 23 41.0 6.1 10.0 24.4
ies would allow the consideration 36 48.4 6.8 12.2 25.2
of processes of formation and make 43 30.7 4.3 >0 16.4
. . . 51 6.3 0.8 0.9 13.6
comparisons between sites possible.
= F 56 9.1 1.2 3.4 36.6
For example, Fe/Mn ratios in nod- 64 39.5 6.5 6.8 179
ules (<2 mm) was used to character- 4 20.9 34 40 18.9
ize paleoprecipitation during nodule 83 0.5 01 0.1 25.0
formation by Stiles et al. (2001). ScTs, 10 16.8 4.0 43 259
They concluded that higher total Fe 20 23.4 4.4 7.7 32.9
contents in soil nodules correlated 30 22.3 3.3 5.9 26.7
with higher precipitation during for- 40 28.2 3.8 4.0 14.3
mation. In the Santa Cruz terraces, 50 9.2 1.2 2.2 24.2
we found the highest Fe concentra- 60 8.8 1.1 3.1 34.8
tions in nodules on the oldest terrace, 70 13.6 1.3 4.2 30.7
80 2.5 0.4 0.6 24.0

seemingly an effect of aging. There is

also an orographic effect, however,

of more precipitation on the older (higher) terraces at our sites
(White et al., 2009). There is a temptation to apply the conclu-
sions of Stiles et al. (2001) to our sites; however, the nodules de-
scribed by Stiles et al. (2001) had concentric morphology, were
formed under a different climate, had higher Mn content, and
probably formed from different processes than the cemented-
matrix Santa Cruz nodules.

Morphologic subdivisions similar to those used here were
also presented by Kovda et al. (1998); they described concentric
(lit-par-lit) nodules and cemented matrix nodules as forming
from different processes. Several studies have found soil nodules
with concentric layering and cemented matrix nodules in soils
occupying different landscape positions in the same study area
(Phillippe et al., 1971; Singh and Gilkes, 1996; Palumbo et al.,
2001; Gaiffe and Kubler, 1992). As the scientific community
begins to interpret soil nodule occurrence and chemistry as envi-
ronmentally determinant, the internal nodule morphology data
are necessary to make comparisons between sites.

It scems probable that the processes that form cemented-
matrix nodules in soils are different from those that form con-
centric nodules. In addition, there may be several ways of forming
nodules of similar morphology. Cemented-matrix nodules, like
those found in the Santa Cruz terrace soils, have been reported
from many sites and not all have similar processes of formation.
Johnson (1972) and Lindbo et al. (2000) have both proposed
the formation of cemented-matrix nodules from the disintegra-
tion of dense material in the B horizon. In the study of Lindbo
et al. (2000), Fe nodules in loessial soils of the lower Mississippi
River Valley were shown to be a product of the degradation of
a fragipan horizon and not specifically due to redox fluctua-

tions. Nodules found on San Miguel Island, California, have

also been interpreted to have formed from the disaggregation
of the dense B horizon (Johnson, 1972). In that study, Johnson
(1972) showed that nodules formed from weathering chloritic
clay masses derived from the argillic horizon. In their study of
Fe-Mn concretions from Bavaria, Germany, Schwertmann and
Fanning (1976) studied concretions of a cemented-matrix mor-
phology and concluded that wetting—drying cycles are impor-
tant in nodule formation.

Some researchers have suggested that a biologic component
may be responsible for Fe concentration and nodule formation.
Bacteria are a known constituent of Fe-Mn reduction and oxi-
dation processes in soils, and researchers have looked for bacte-
rial processes of Fe~Mn concentration and nodule formation.
Babanin et al. (2000) proposed a bacterial source for the mag-
netic fraction of soil nodules. Counts of Fe-reducing bacteria in
nodules and in nodule-containing soils were compared (Babanin
etal, 2000). They concluded that reduction of Fe3* occurred at
microloci on bacterial cell surfaces because the measured redox
potentials in bulk soils were not low enough for Fe reduction.
Chan et al. (2004) illustrated how bacterial biofilms became
templates for Fe-oxide crystallization. These studies point to
bacterial participation in Fe—~Mn soil nodule formation but also
show that bacterial oxidation is not likely to be the only process
involved. A study by He et al. (2008) found the concentration
of culturable bacteria within the soil was 103 times greater than
within the Fe nodules. In that study, cither the bacteria were not
involved in nodule formation or the bacteria in the nodule could
not be cultured by standard methods. We have not investigated
the bacterial portion of the Santa Cruz nodules other than to note

the presence of some bacterial cells in SEM images.
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It is the fungal structures that dominate in the Santa Cruz
terrace nodules. Fungal features have been reported in other
Fe-Mn soil nodules (Zauyah and Bisdom, 1983; Abreu, 1990;
Arocena and Pawluk, 1991; Zhang and Karathanasis, 1997;
Kovdaetal., 1998; Palumbo et al., 2001). In addition, fungal pre-
cipitation of metal oxides has been previously reported. Fungal
oxidation of Mn has been reported by Golden et al. (1992) and
Thompson et al. (2005). Fungi have also been found to oxidize
Fe (Feldmann et al., 1997). In addition, it is well established that
soil fungi have developed a strategy for Fe mobilization and up-
take using exudates (Robin et al., 2008; Winkelmann, 2007).
Several studies have reported or shown SEM images with arcas
of high Fe concentration in soil nodules similar to those found
in the Santa Cruz soils (Dawson et al., 1985; Kovda et al., 1998;
Cornu et al., 2005). Arocena and Pawluk (1991), after finding
fungal hyphae in nodules in Alberta, Canada, measured the er-
gosterol content of the nodules and the soil matrix. Ergosterol
has been used to estimate fungal growth. In their study, the nod-
ules had almost double the ergosterol as the soil matrix.
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Table 3. Iron oxide content of nodules from Santa Cruz terraces (SCT) by inductively couple

Collectively, th f
ofiectively, The presence o plasma mass spectrometry and C and N by elemental analyzer.

fungi in nodules from many sites

Nonmagnetic nodules Magnetic nodules

implicates fungi as a possible par-  Element
L . SCT1  SCT2  SCT3  SCT4  SCT5 SCT2  SCT3  SCT4 _ SCT5
ticipant in the soil nodule-form-
i The literat h % (wiw)
1r£g Péocejss}'l T ! ‘Zalure SHOWS ke 0, 233 286 255 284 312 375 335 409 425
that Fe-rich sor nodules are nOt -y o 7.5 78 119 1041 9.9 6.9 75 7.0 7.2
all formed by the same processes. 0 0.235  0.121  0.085 0.031  0.028 0.078  0.046 0.028  0.026
In some places Fe oxidation and  Na,0 1176 0423 0352 0195  0.174 0378 0339 0172  0.155
reduction in saturated soils cre-  MgO 0320 0226 0283 0171  0.140 0259 0.185 0.134  0.106
ated soil nodules, in other areas K,0 1.018  1.130 1205 0.907  0.865 1193 1.078 0.946  0.754
the breakdown of a fragipan or CaO 0.675 0263  0.237 0.144  0.148 0.248 0201 0.163  0.147
dense B horizon created Fe-rich TiO, 0311 0351 0564 0603  0.509 0.435 0.662 0746  0.616
nodules. Abundant fungi in soil P2Os 0345 0321 0236 0241 0237 0.408 0232 0280 0308
Fe nodules have been noted. but 502t 651 608 597 592 568 526 563 49.6 482
ateributing the nodule formation  © 057 099 087 086  0.72 0.81  0.69 084  0.62
N 0038 0050 0.040 0041  0.027 0500  0.032 0.038  0.022

to the fungi has not been previ-

t SiO, by difference.
ously attempted.

Nodule Formation in the Santa Cruz Terrace Soils

The Fe nodules in the Santa Cruz chronosequence have
arcas of high Fe concentration that are associated with oval
vesicular structures (Fig. 7). After consulting microbiologists
and searching widely for analogous structures in the litera-
ture, the similarity of microcolonial fungi (MCF) to the oval
vesicular structures found in the nodules was considered an
important clue. Microcolonial fungi have been found in some
desert varnish ecosystems (Staley et al., 1982; Taylor-George et
al., 1983; Perry et al., 2007). The oval vesicular features might
have been produced by previously unidentified soil-inhabiting
microfungi. As yet no biologic verification of this hypothesis
has occurred. If these are fungal structures, then the question
arises, “Are the fungi actively precipitating the Fe, or are the
fungi being replaced by Fe?” Desert varnish MCF do not

Further support of a biologic origin comes from the images
of small nodules found in a bulk-soil, grain-mount thin section
from SCT1 (Fig. 12). These small nodules provide a view of nod-
ule genesis. The incipient nodules have irregular edges. On the
outer edge of the nodule, the areas of Fe concentration have be-
gun to cement sand grains. In the center of the nodule, mineral
grains are fully embedded in Fe. Of the most compelling interest
is the filamentous nature of the Fe-rich area on the outer edge
of the nodule (Fig. 12B), which connects bulbous Fe structures.
Similar structures were found in a SCT1 nodule split open for
SEM examination (Fig. 13). The ball (vesicular) structures are
enmeshed in a mycelial network. The mycelium and the ball
structures are Fe rich.

Of all the strange structures encountered in the nodules of
this study, the hardest to account for have been the structures like
those shown in Fig. 14. These images are from a nodule of SCT1,

have as high an Fe content as the

vesicular areas of this study; how- R 164 »
ever, the high-magnification image 401 N 1“2" \ R e oo e
of a vesicle wall (Fig. 4D, inset) 304 4 o =M \ - Bulk soil 0-100cm average
) ) = o o
shows Fe oxides as microcrystal- 3 o —0—"
gl
lites suspended in a matrix. Energy @, 201
[
dispersive spectroscopy analyses % "
of the vesicle wall confirmed the . m .  u—"
presence of Fe and C. This implies o+t '
that the microcrystalline Fe oxides 05 a5 A
. . 7 . \\\ '__‘N .
were bound by an organic matrix 201 e Bk ol Tz
and were actively precipitated by ¥ 04 O\\ ¥ BulkSol20-30em
. . .. : A
the microorganism. In addition, ;.b 034 A N 0 —
) O o
i 2 TNA T A
fungal hyphae occupying tunnels & o) —— A A
within the primary mineral grains
also contained Fe. It is known that 0.1
fungi can accumulate metals intra- P I — "

e e L 0.0 e e e e,
cellularly (Gadd, 1993). Perhaps 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240

the nodules of these soils represent Terrace Age, Ka

a previously unknown type of fun-
Fig. 10. Iron nodule and bulk soil concentrations of Fe,0,, CaO, P,0;, and C across the chronosequence.

gal Fe accumulation. Bulk soil C analyses are from C. Maseillo of Rice University (personal communication, 2009).
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Fig. 11. Mossbauer spectra of SCT1 nonmagnetic nodules. The spectra
are plots of the transmission of y-rays vs. the velocity of the y-ray
source (°7Co).

therefore they probably are young, primary structures that have
not “matured” or been reworked with time. The boxwork struc-
tures (Fig. 14) are both made of Fe oxides that formed around
and between the mineral grains. A mineral remnant (starred) can
be seen enclosed within the lower structure. There are associated
hyphae and perhaps bacterial cells that have dried and flattened
on the surfaces of these structures. That fungi can create such
features may seem unlikely; however, it is known that fungal ag-
gregates can become glued together as “conglutinate cells” and
do form complex biological systems (Read, 2006).

From the morphologic data, we hypothesize that Fe nodules
in these soils are the result of fungal growth. In addition, there is
evidence of a strategy to sequester mineral nutrients, perhaps uti-
lizing the absorptive properties of Fe oxides. It is well established
that fungi in symbiotic relationship with plants will consume

and share mineral nutrients (Jongmans et al., 1997; Sterflinger,

2000; van Breemen et al., 2000; Burford et al., 2003; HofHand
et al., 2004; Smits, 2005; Leake et al., 2008; van Scholl et al.,
2008). An additional support for this hypothesis is the common
occurrence of fungal tunneling in primary minerals in the nod-
ules. The fungal trapping of nutrients with Fe oxides might be
quite common and only leave hard nodules under certain condi-
tions, such as in soils with annual wetting—drying cycles, such as
a Mediterranean climate.

There is an indication in our data that the fungi responsible
for nodule formation are not able to function in an aquic soil
moisture regime. Large, hard nodules do not occur in soils near
our sites that have an aquic moisture regime. In addition, older
soils of the chronosequence have seasonally perched water above
an argillic horizon. In these soils, the nodule abundance dropped
to near zero below the 60-cm soil depth (Fig. 8). In the better
drained soils of SCT1, SCT2, and SCT4r, the nodules extended
down to the 100-cm soil depth. As the argillic horizon devel-
oped and became an aquitard with perched water during the
winter, the nodules seemed to no longer form and any existing
nodules may have dissolved. Another compelling observation,
from the literature, is that nodules are concentrated in “nests.”
Both Robbins et al. (1992) and Blagoveschensky and Samsonova
(1999) used this term in describing nodule distribution in soils.
This suggests that certain areas of the soil landscape are more favor-
able for nodule formation than others. Clearly more work is needed.

The rounded nodule shape may occur through the com-
bination of several processes. We observed (by SEM) collapsed
vesicular structures in several nodules; it seems that the nodule
internal morphology degrades with time, older vesicular areas
collapsing into a compacted form. The constant bioturbation
of soil materials by pocket gophers, worms, etc., disrupts and
disperses the Fe nodules. In addition, continual remobilization
of Fe on the outer margin through abiotic and biotic processes
will, with time, smooth the nodule surface. A slight increase in
hematite content in the nodules with time was seen by XRD,
indicative of the internal Fe restructuring as the organic fungal
structures degraded.

In summary, the data collected by this study led us to the
conclusion that the Fe nodules were biologically precipitated by

soil fungi or a community of fungi and bacteria.

Formation of Magnetic Nodules

Magnetic nodule abundance increased with soil age. The
SCTT1 terrace contained only three or four magnetic nodules in
the bulk soil samples of the full 1-m profile. In SCTS, magnetic
nodules were 33% of the total nodules at the 0.15-m depth. The
concentration of magnetic nodules was spatially heterogencous.
Morphologically, the magnetic nodules tended to be smaller. The
internal micromorphology of the magnetic nodules was similar
to that of the nonmagnetic nodules, indicating that the initial
processes of formation were probably similar. The current evi-
dence suggests that a nonmagnetic nodule evolves to a magnetic
nodule. We inferred that the occurrence of fire has facilitated a

phase change from goethite to maghemite. Magnetic nodules
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have been reported at other loca-
tions (Kovda et al., 1998; Babanin
et al, 2000, 2007). The transfor-
mation of goethite to maghemite
with heat has been documented by
Ketterings et al. (2000). Hanesch et
al. (2006) have shown that goethite
will convert to maghemite if organic
C is present at a temperature of 400
to 450°C. We know that fire plays a
role in ecosystem dynamics on the
terraces and have measured tempera-
tures of 400°C in a controlled burn
through the SCT?2 site. In addition,
California State Park personnel have
observed that duff and shallow roots
can smolder for months after a fire,
which would bake the surrounding
soil (Tim Hyland, personal com-
munication, 2007). There is also an
increase in maghemite with time
in the <2-mm fraction of the Santa
Cruz terrace soils (Aniku and Singer,

1990; Singer et al, 1992), which

probably is fire induced. The magnet- Fig. 12. Scanning electron microscope backscatter images of thin sections of small nodules from SCT1

ic nodules are an indicator of fire as

showing nodule formation. Bright areas are higher in Fe as determined by energy dispersive spectroscopy.

. Areas indicated in A and B are enlarged in A1 and B1; A1 illustrates the dense, Fe-rich area around a
a regular ecological occurrence across plagioclase feldspar. Note the filamentous nature of the Fe-rich area in B1. Quartz in indicated by Qtz,

the terraces.

CONCLUSIONS

The Fe nodules formed in the soils of the Santa Cruz chro-
nosequence increased in abundance with terrace age and did
not occur in the underlying regolith. Nodules were typically
microcrystalline goethite with a subset of maghemite nod-
ules (magnetic). There was a slight transformation to hematite
with time. Scanning electron microscopy revealed Fe-oxide-
containing fungal hyphae throughout the nodules, including
vesicular organic structures with embedded fine-grained Fe ox-
ides. The microcrystalline nature of the Fe oxides was substanti-
ated by Méssbauer spectroscopy.

Our morphologic observations
led to the hypothesis that the nodules
in the Santa Cruz terrace soils were
biologically precipitated by fungi or
a consortium of fungi and bacteria,
perhaps as a strategy to sequester
primary mineral grains for nutri-
ent extraction. The fungal structures
were probably fixed by seasonal wet-
ting and drying cycles. The organic
structures were compacted and the

the nodules were indeed precipitated

K-feldspar by Ksp, and plagioclase feldspar by Plag.

through fungal processes, there may be tremendous implications
for bioremediation of trace metals with a strong affinity for Fe
oxides. If we can cultivate Fe-precipitating fungi, a living barrier

for contaminant remediation may be possible.
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Fig. 14. Scanning electron microscope images (low voltage) of the

area indicated in Fig. 13A. We interpreted these boxwork structures
as mineral encasements that were disrupted when the nodule was
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dispersive spectroscopy analysis of this mineral was not possible due
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objects that may be flattened bacterial cells. Note the regularly spaced
holes in the Fe-oxide coating from the outside (B) and inside (A).
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