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Abstract—The properties of Si-associated goethite from sediments in the Atlantis II and Thetis Deeps in
the Red Sea have been investigated in order to determine the effect of Si on the mineral. Two types of
morphologies dominate in most samples: multi-domain crystallites, probably due to elevated Na
concentration in the initial brine from which the mineral had crystallized, and mono-domain, acicular
crystals. Goethite crystals with elevated Si/Fe elemental ratios are usually smaller and poorly crystalline,
exhibiting numerous crystal defects, whereas larger crystals with higher crystallinity have lower Si/Fe
elemental ratios. The higher Si/Fe ratios in Atlantis II Deep goethites and the lower ratio in Thetis Deep
goethites probably reflect the levels of Si concentration in the hydrothermal fluids from which goethite
precipitated. Atrelatively low Si/Fe ratios, the major effect of Si is to retard growth of the crystallites, but
only a small number of defects are formed. At high Si/Fe ratios the defect concentration affects the
properties of the crystals, as observed with Mossbauer spectroscopy. The Si association with goethite
affects crystallinity and crystal size as indicated by X-ray diffraction, infrared spectroscopy and high-
resolution transmission electron microscopy.
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INTRODUCTION

The Thetis and Atlantis II Deeps are located in the
central part of the Red Sea, along the axial rift separating
the Arabian and African plates. The Atlantis II Deep
(A2D) has been continuously active site since its
formation. Metal cations, supplied by the venting water
have precipitated as oxides, silicates, carbonates and
sulfides. These sediments and the overlying stratified
hydrothermal brine system have been described in
numerous studies (see Taitel-Goldman and Singer,
2001; Taitel-Goldman et al., 2002). Sediments from
the currently inactive Thetis Deep (TD) were described
by Scholten et al. (1991). In this study we used the
generalized stratigraphic sequences of the A2D and TD
proposed by Bicker and Richter (1973) and Scholten et
al. (1991), respectively (Figure 1). Samples of goethite
as a major constituent were identified in the Central-
Oxidic Zone (CO) or in the Detrital-Oxidic-Pyritic Zone
(DOP) in cores from A2D, and in the Fe-facies in cores
from TD.

Iron concentrations (as Fe) in the hydrothermal brine
system of A2D increase with depth from 0.01 mg/kg in
the RSDW to 75-81 mg/kg in the lower brine, with a
minimum in the upper brine, suggesting that in this
layer, both oxidation and precipitation of Fe take place
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(Danielsson et al., 1980; Hartmann, 1985). The SiO,
concentration is enriched from 0.7 mg/kg in RSDW to
55 mg/kg in the lower brine with a similar minimum
coinciding with the minimum Fe concentration
(Danielsson et al., 1980, Hartmann, 1985). This suggests
that SiO, might interfere with the formation of Fe-
containing minerals.

Bischoff (1969) observed a correlation of Si with Fe
oxides in the A2D and suggested that SiO, polymerizes
and precipitates on the surface of colloidal ferric
hydroxide. Butuzova et al. (1990) found a regular
increase in structural ordering in goethite from top to
bottom of sediments in the A2D and suggested this trend
to be caused either by crystallization of amorphous
material, or transformation from lepidocrocite. In TD,
however, it was suggested that goethite formation from
lepidocrocite was inhibited by the presence of amorphous
silica and MnO, (Butuzova et al., 1990). Recent
investigations have shown that lepidocrocite in both
Deeps are associated with Si, but to different extents
(Taitel-Goldman et al, 2002). Anschutz and Blanc
(1995) suggested that dissolved Si is removed from the
brine by precipitation in the form of clay minerals or as
Si-associated Fe oxides, mainly ferrihydrite. Goethite
crystallites with variable amounts of associated silica
(elemental ratios of 0.098-0.142), were found in the
uppermost sediments in A2D and as suspended particu-
late matter in the overlying brine (Taitel-Goldman and
Singer, 2001). This strongly suggests that goethite can
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nucleate directly within the precipitation zone, rather
than being the product of transformation from ferrihy-
drite. Synthetic Si-associated goethite has been produced
from hydrolysis in ferric systems (Cornell and Giovanoli,
1987; Glasauer, 1995; Glasauer et al., 1999) and also
lately from ferrous systems under conditions similar to
those currently prevailing at the brine-sea water interface
in the A2D (Taitel-Goldman and Singer, 2002b).

The aim of this study was to investigate authigenic
goethite in a number of samples from hydrothermal
sediments of the Red Sea, and to evaluate the relation-
ship between the properties of goethite and the amount
of Si associated with the crystals. The primary approach
has been to correlate structural parameters of the
goethite with information from elemental analysis of
the crystals.

Taitel-Goldman, Bender Koch and Singer
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SAMPLES AND METHODS

Samples from the Red Sea Deeps had been collected
by R.V. Valdivia during the ‘Meseda 1 and 3’ cruises
(for the Saudi-Sudanese Red Sea Joint Commission for
Exploration of Red Sea Resources). Six cores from A2D
and two cores from TD were sampled for this study. To
minimize the contributions from minor admixtures, we
selected 16 samples, all dominated by goethite. The
samples are from the SW Passage in A2D and the NE
basin in TD and their positions, stratigraphy and minor
additional phases are given in Table 1.

The sample depth refers to depth below sea floor and
varies from 3 m below the water-sediment interface
down to almost 10 m. In the TD core, only the upper Fe-
facies was sampled (Figure 1).

Table 1. Sample codes, sampling positions, core depths, stratigraphic zones, colors and additional phases identified in the

goethite-dominated samples.

Sample Deep'®  Core®* Positions Location  Depth Zone™® Additional phases Munsell colors
(m)
GNO010 A2D 500KS>® 38°04.271'E;21°21.620N SW passage  4.50 CO Si-Fe plates, round Yellowish red
particles, lepidocrocite, 5YRS5/6
GNO11 " " " " 4.70 " Siderite, Si-Fe plates,  Dark red
clays 2.5YR3/6
GNO12 " " " " 4.90 " Hematite, siderite Red 10R4/6
GNO14 " " " " 5.10 " Siderite, hematite, Red 2.5 YR5/8
Lepidocrocite, plates
GNOIS " " " " 5.33 " Siderite Yellowish brown
10YR6/8
GNO27 " " " " 9.00 " Yellowish gray
2.5Y5/6
GNO054 " 264KS 38°04.111'E;21°20.629N " 5.46 " Hematite, siderite, Yellowish red
lepidocrocite 5YR4/6
GNO69 " " " " 9.16 DOP Mn siderite Brown 10YR4/4
GNO71 " " " " 9.70 " Siderite Olive yellow
2.5Y6/6
GNO86 " 296KS 38°05.134E;21°21.17I'N " 3.11 CcO Round particles, Yellowish red
lepidocrocite, clay 5YRS/6
GNO89 " " " " 3.50 " minerals Yellowish brown
10YRS/8
GN104 " 537KS 38°04.654E;21°21.179N " 4.74 " Siderite, Si-Fe plates Yellowish brown
10YRS/8
GNI11 " " " " 7.49 " Hematite Strong brown
7.5YRS5/6
GN145 TD 620PT*  37°34.96'E;22°47.69N  NE basin 1.90 Fe facies Hematite 2.5Y5/4
GN146 " " " NE basin 2.65 " Hematite, clay minerals 2.5Y5/4
GN180 A2D 276KS 38°04.384E;2121.523N SW passage 3.64 CO/COS  Hematite (30%), Yellowish Red
Siderite, round 5YR4/6
particles
GN181 " " " " 3.90 " Hematite, round Light olive
particles, Siderite brown 2.5Y6/6
GN201 " 564KS 38°04.776E;21°21.519N " 4.63 CO Siderite, Si-Fe plates Brownish yellow
10YR6/6
GN243 TD 728KS 37°34.74E;2247.55N NE basin 1.50 Fe facies Clay minerals Brownish yellow
10YR6/4

' A2D - Atlantis II Deep

2 TD - Thetis Deep

3 KS - Kasten cores

4 PT - Geothermal piston cores

> CO, COS - Central Oxidic, Central-Oxidic-Sulfidic

®DOP - and Detrital-Oxidic-Pyritic Zones (Bédcker and Richter, 1973). Fe facies (Scholten et al., 1991)
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Figure 1. Lithostratigraphic scheme of Atlantis II and Thetis Deeps, Red Sea (after Biacker and Richter, 1973, and Scholten et al.,

1991).

The color of moist samples was determined prior to
any treatment using Munsell color classification. The
detailed treatment procedure of the sample was
described by Taitel-Goldman et al. (2002).

Phase analyses and elemental analyses by energy
dispersive X-ray analysis (EDX) were carried out using a
Philips EM 430 operated at 300 kV and equipped with
an EDAX 9900. The particle dimensions were measured
from high-resolution transmission electron microscope
(HRTEM) images, summarized and presented using
statistical software (SPSS). The results were plotted on
a 3D diagram presenting the percentage of particle sizes
within each sample and then grouped into cores and
Deeps.

The XRD analyses were obtained using a Philips
1050 powder diffractometer (detailed description in
Taitel-Goldman et al., 2002). The mean crystallite
sizes (width and thickness) of goethite were calculated
from XRD line broadening, using the Scherrer formula.
(As crystal length cannot be calculated from XRD
pattern, it was obtained from the TEM images.)

Mossbauer spectra were measured at temperatures
between 5 and 300 K (Taitel-Goldman et al., 2002). For
comparison of parameters, the Mossbauer spectra of a
pure, well crystallized, natural goethite sample (Mgrup
etal., 1983) were measured using the same experimental
setup. The samples are grouped based on the Mossbauer
spectra at low temperature: spectra of essentially
goethite (with or without additional phases) and one
sample strongly deviating from the ideal.

Infrared spectra were obtained using a Nicolet FTIR
spectrometer (details in Taitel-Goldman et al., 2002).

Three different chemical methods were used to
determine the elemental composition and distribution
in the samples. Ammonium oxalate (Schwertmann,
1959; Schwertmann, 1964; McKeague and Day, 1966)
and DCB (dithionite-citrate-bicarbonate) (Mehra and
Jackson, 1960) extractions were compared with ele-
mental analyses of individual multi-domain crystals, and
clusters of a number of crystals (Taitel-Goldman et al.,
2002). Significance levels were calculated using statis-
tical software (SAS).

https://doi.org/10.1346/CCMN.2004.0520111 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2004.0520111

118

RESULTS AND DISCUSSION

Elemental analyses

Most of the samples consist either of pure goethite, or
goethite accompanied by small amounts of hematite,
lepidocrocite, Fe carbonates (siderite or Mn-siderite), or
Si-Fe plates and rounded particles (Taitel-Goldman and
Singer, 2002a). The Fe oxides, Fe carbonates and clay
minerals were identified using XRD, IR and Mossbauer
spectroscopy, whereas the identification of Si-Fe plates
and short-range ordered rounded particles was based on
electron microscopy (Table 1). Elemental analyses of
goethite obtained by analytical transmission electron
microscope (ATEM) demonstrated that the only element
with Z >5, and associated with Fe in goethite, was Si.
Overall, the elemental ratios Si/Fe ranged between 0 and
0.25 in the point analyses, i.e. comparable to recently
formed goethite (Taitel-Goldman and Singer, 2001).
These direct particle-specific measurements agree quite
well with the average values measured in the oxalate and
DCB extractions, indicating that Si occurs associated with
Fe, rather than as separate phases (Table 2). The
percentage of Fe dissolved, (and expressed as FeOOH)
indicates the ratio of dissolved Fe to goethite. This ratio
depends both on additional phases and the purity of the
goethite in the sample. In almost mono-mineralic Si-
associated goethite the ratio is very close to 100, whereas
in other samples, the amounts reacted are smaller,

Taitel-Goldman, Bender Koch and Singer
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consistent with both larger amounts of additional phases
and a greater content of Si associated with the goethite.

The ratio between the oxalate and DCB-soluble
FeOOH varies widely (Table 2). Because of the presence
of additional Fe-containing phases in the samples, the
ratio should be interpreted cautiously, but the results do
suggest that some samples are distinctly less reactive
due to the association of Si with the Fe oxides. Sample
GNO11 is singled out among all the samples because it
exhibits a greater reactivity against oxalate than DCB.
The Si/Fe ratio determined in the oxalate and DCB
extracts compare quite well for samples showing fairly
high reactivity in both extractions.

Most of the samples exhibiting only moderate
dissolution in oxalate, however, have significantly
higher Si/Fe ratio in the oxalate extracts. This could be
caused by preferential accumulation of Si at the surfaces
of the crystals, assuming uniform dissolution from the
surface. Most of the samples are dominated by particles
much smaller than the analytical beam in ATEM, but for
a few samples it was possible to obtain series of analyses
of single grains in both transverse and longitudinal
directions. These measurements frequently show an
enrichment of Si towards the edge in comparison to
the center of the crystal (e.g. Si/Fe molar ratios 0.074
and 0.044 at the edge and in the center, respectively
(GNO15)). The higher concentration of Si at the edges of
the particles is consistent with thinning towards the edge

Table 2. Chemical analyses: average Si/Fe (element basis, 10 readings) determined with ATEM and analyses of the extracts

after differential dissolution with oxalate and DCB.

Sample AEM average Si/Fe (element) in

Chemical analyses (element)

plates multi-domain Small crystals  Si/Fe % dissolved as  Si/Fe DCB % dissolved Fe-oxalate/
goethite oxalate FeOOH (oxalate) as FeOOH Fe-DCB
(DCB)
Almost pure Si-containing goethite
GNO15 0.06+0.01 0.10+0.003 0.04+0.005 4243 0.03+0.002 94+0.5 0.45
GNO027 0.12+0.09 0.10£0.03 0.14+0.001 5+0.9 0.04+0.007 93+0.4 0.05
GNO069 0.03+0.03 0.08+0.02 0.02+0.002 39+0.2 0.01+0.005 89+1 0.44
GNO071 0.02+0.01 0.0540.01 0.02+0.002 50+4 0.01+0.003 83+0.2 0.53
GNO089 0.05+0.03 0.08+0.04 0.08+0.007 4+0.5 0.03+0.006 84+0.4 0.05
GN104 12.4 0.06+0.03 0.1040.02 0.04+0.004 4443 0.03+0.003 86+0.1 0.51
GN111 0.08+0.02 0.1240.01 0.12+0.006 4+0.5 0.04£0.002 86+0.2 0.05
GN201 0.05+0.03 0.0840.1 0.04+0.003 2442 0.03£0.002 87+0.1 0.28
GN145 0.01+0.05 - 0.02+0.002 4+0.5 0.00240.002 60«1 0.07
GN146 0.04+0.07 - 0.03+0.005 15+2 0.01+0.005 5940.5 0.25
Almost pure Si-containing goethite with additional oxide phases
GNO10  4.5+1.02 0.14+0.06 0.5+0.01 0.05+0.002 7*1.5 0.09+0.03 66+0.5 0.11
GNO12 n.m. n.m. 0.05+0.003 68+1.4 0.07+0.002 87+0.2 0.78
GNO14  0.14+0.015 0.06+0.02 0.08+0.01 0.04+0.008 663 0.04+0.005 84+0.2 0.79
GNO054 0.09+0.03 0.13 0.08+0.01 24+1.5 n..m. -
GNO086 0.13+0.02 0.2540.06 0.05+0.005 3243 0.05+0.005 74+0.2 0.43
GN180 RP-0.240.05 0.04+0.05 0.015+0.01 0.03+0.01 352 0.04+0.001 7440.3 0.47
GN181 0.04+0.02 0.22+0.01 0.03+0.004 58+0.9 0.03+0.004 79+0.4 0.73
GN243 0.05+0.04 - 0.04+0.004 3+1 0.01+0.005 79+0.3 0.04
Goethite with composite spectra
GNO11 0.13+0.1 0.1940.09 0.06+0.004 89+3 0.08+0.004 71+0.5 1.25

n.m.: not measured
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where specific surface area increases. The results from
all samples show that the smaller crystals exhibit greater
Si/Fe ratios than multi-domain crystals (Table 2).

Infrared spectroscopy

The dominance of goethite is also confirmed by the
infrared (IR) spectra showing particularly intense
structural OH bands (Figure 2a,b). However, intense
absorption peaks related to the presence of Si in the
samples (referred to as ‘IR Si area’ in Figure 2b) are also
clearly revealed.

The peak-fitting procedure resolves the two OH-
bending modes at ~890 and ~790 cm~!' (SOH and YOH
bands) and the Fe —O symmetric stretching vibration at
630 cm ™' (1O band) (Figure 2b). Bands not attributable
to goethite contribute to the spectrum at
~1200-900 cm™!, and a shoulder at ~670 cm™! can
also be detected in most samples. The broad absorption
band at 1200—900 cm ™' was resolved into two peaks in
the fitting, as suggested by the shoulder at 1080 cm ™"

s

3700 3800 3500 3400 3300 3200 2100 23000 2900

wavenumber cm-1

115
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and one peak was used to fit the shoulder at 670 cm ™"

(Figure 2b). Three peaks were used to fit the spectra of
the samples from the groups with highest Si/Fe (DCB)
ratios (Table 3). Based on both the mineralogical and
chemical composition of the samples, the broad band
with peak positions around 1000 and 1050 cm™' is
suggested to originate from Si—O stretching bands.
Because of the association of Fe and Si as obtained from
ATEM, these bands are broadly identified with Si-
goethite association. In general, the position of the
absorption band of Si—O is a function of the condensa-
tion of the silica network and the neighboring cation
(Moenke, 1974; Cornell et al., 1987). Thus, we
tentatively identify the two high-wavenumber bands
between 1021-1096 cm ™' and 1042-1191 cm™" as due
to polymerized Si—O, whereas both monomeric and Fe
associated networks contribute to the low-wavenumber
peak. Attempting to take all contributions into account,
we define the ‘IR Si area’ as the sum of the two (or
three) contributions. The various contributions will
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Figure 2. FTIR spectrum and correlation plots of IR parameters. (a)
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Sample GN027, measured FTIR spectrum and resolved bands in

the 3700-2900 cm ' range. (b) Sample GN0O15, measured FTIR spectrum and resolved bands in the 1200—550 cm ~' range. (c) The

difference between 5OH and yOH vs. Si/Fe in DCB extracts (R =

0.40 and R = 0.62 for first and second subgroups respectively.

GNO11 is also included). The area is measured in arbitrary units and band position in cm ™.
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probably not have identical absorption coefficients, but
we consider the area determination a good first-order
proxy for the concentration of these bonds. Glasauer
(1995) observed a weak absorption band around
670 cm™! that related to Si association in synthetic
goethite. In the present work, a small peak at the same
position was also observed in several samples. The linear
correlation coefficient between the area of this peak and
the ‘IR Si area’ is R = 0.33, with significance 0.0032
(data and plot not shown).

The position of the goethite structural OH-stretching
(vOH) band was found to vary between 3120 cm~! and
3180 cm™', but the significant overlap due to water
hydroxyl contribution should be considered in the
interpretation (Figure 2a).

The positions of the goethite bands and positions and
areas for Si—O related bands are presented in Table 3.
The position of the SOH band varies between 873 and
901 cm™"' and for YOH the position varies between 786
and 795 cm™!. The value of the difference in the
bending band positions varies from 87 to 106 cm™,
exceeding the values reported by Cambier (1986a,
1986b). The position of TO band varies from 605 cm ™"
to 630 cm™' with most samples within the range of
620-630 cm™'. The strong influence of crystallinity on
the position of the bands was demonstrated by
Schwertmann et al. (1985) and Cambier (1986a,
1986b). Based on the absence of Al, the data were
searched for relations between the crystallinity and the
‘activity’ of Si in the samples. The Si/Fe ratio
determined in the DCB extracts generally correlates
quite well with the summed IR Si area (R® = 0.67
significance 0.0001, plot not shown) except for very
high areas. The position of the OH-stretching band
(vOH) shifts towards higher values with increasing Si/Fe
ratio in DCB extracts (R® = 0.41 significance 0.006, plot
not shown). Figure 2c shows the correlation plot
between the difference in the positions of the bending
vibrations, and the Si/Fe ratio in DCB extractions. It
should, however, be simultaneously acknowledged that
it is not a very strong correlation, as the samples plot
more like a broad band. All available literature indicates
that crystallinity is very important in determining the
positions of the IR bands. However, secondary effects
such as differences in the dielectric constants of the
media (e.g. pure and Si-associated goethite), the
aggregation state of the sample, the crystallite-size
distributions and defects, may also contribute to scatter
of the data. Environmental parameters like temperature
(Cornell and Schwertmann, 1996) and elevated salinity
(Taitel-Goldman and Singer, 2002b) have been shown to
influence the crystallinity of goethite samples. Thus, co-
variability of several of the crystallization factors within
the A2D may account for some scattering of the results
leading to a lower correlation coefficient. However, it
appears that the major effect on crystallinity relates to
the presence of Si.
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X-ray diffraction

Goethite dominates the crystalline phases in the
samples (Figure 3a,b,c). Some variation in unit-cell
parameters were observed (a = 0.4608-0.462 nm, b =
0.996-1.002 nm and ¢ = 0.3018-0.3027 nm) (Table 3).
The present samples can be characterized as “low
a-dimension” types (Schwertmann et al., 1985), which
previously have been found to correlate with crystal-
lization temperatures between 40 and 80°C. Most of the
samples are characterized by an almost constant value of
the b parameter (0.996-0.998 nm), but a few samples
exhibit higher values (0.999-1.002 nm). These latter
samples have significantly smaller mean crystalline size
(width and thickness (11-12.5 nm)) compared to the
other samples (12.5-32 nm), (Table 3).

In general, substitution of Fe in the cation site of
goethite causes the unit-cell parameters to change.
Ignoring charge effects, a hypothetical substitution of
Si (IV) in octahedral coordination is expected to have a
smaller radius than Fe (III) (0.040 nm vs. 0.064 nm)
(Cornell and Schwertmann, 1996) suggesting that such a
substitution would cause a contraction of unit-cell size.
However, a correlation analysis of the unit-cell para-
meters and the average Si/Fe ratios of the crystallites
indicates no systematic variation as would be expected
for substitution (plots not shown).

In addition to the unit-cell parameters, mean crystal-
lite size (width and thickness) was derived from the
diffraction patterns (Table 3). The correlation plot
between this mean crystallite size and the Si/Fe
elemental ratio as determined by DCB extractions is
shown in Figure 3d (R = 0.69, significance 0.0001).
Although a linear correlation has been used, the detailed
shape of the plot indicates that the crystallite size is
strongly affected at lower Si/Fe ratios (up to 0.05),
whereas the crystallite size does not become smaller than
~10 nm for larger Si/Fe ratios. A study of the broadening
of individual peaks as affected by Si/Fe elemental ratio
yielded the following relations (Figure 3e): (1) broad-
ening along all directions in the crystals increases with
increasing Si/Fe ratios. (2) The peaks are differentially
broadened, and the 110 peak is particularly affected in
comparison to 020, 111 and 021. This indicates changes
in the morphology of the crystallites. (3) The higher
correlation coefficients were obtained for 110, 021 and
111 planes (R* = 0.72, R*> = 0.75 and R* = 0.70
respectively, with significance for each correlation
0.0001), whereas 020 yielded smaller correlation coeffi-
cients (R? = 0.35, significance, 0.013). Because both IR
and XRD measures of crystallinity correlate with the
Si/Fe ratio, these parameters also correlate very well,
indicating that, in general, both techniques measure the
same concept of crystallinity. Sample GNO11 appears in
this plot as a single outlying point.

This finding is in line with earlier laboratory
experiments in which the crystallinity of goethite was
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Figure 3. XRD patterns of selected samples and correlation plots: (a) XRD pattern of sample GN027; (b) XRD pattern of sample
GNO054; (c) XRD pattern of sample GNO11; (d) mean crystallite size (width and depth) of goethite vs. the Si/Fe elemental ratio in the
DCB extracts (R%=0.69); (¢) XRD pattern of peak broadening (FWHH - full width at half height) vs. the Si/Fe elemental ratio in
DCB extracts (for (110) R2=10.72; for (020) R2%=0.35; for (111) R?=0.70 and for 021) R%= 0.75); (f) FWHH vs. the difference

between 0OH and yOH.

affected by the presence of Si during

no indication of Si substituting for Fe was detected

(Quin et al., 1988; Glasauer, 1995
1999). It has been shown that at high

crystallization rates decrease, causing inhibition of
crystal growth (Cornell et al., 1987). Cornell and
Schwertmann (1996) suggested that adsorption of
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silicate on the terminal (021) planes of the crystals
retards growth and enhances the development of these
surfaces at the expense of the (110) surfaces. The natural
Si-associated goethite in this study shows that Si retards
crystallite growth in all directions, but with the major
effect on the (110) plane and the (020) surfaces along the
¢ direction. The terminal planes are less affected.
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High-resolution transmission electron microscopy

Morphology. The goethite crystals display acicular
morphology, ranging in length from a few nanometers
up to 1100 nm in A2D, and up to 2200 nm in TD. The
majority of the particles are just a few nanometers wide
and the broader ones display multi-domain character-
istics.

The statistics of the crystal-size data allow for
grouping of the samples (Figure 4a—d). Two size-groups
dominate the samples: a group of small-sized individual
crystals and a second group that is made of large multi-
domain crystals of goethite elongated along the ¢
direction. The crystal-size distribution patterns are
related to the core site, i.e. mainly small crystals were
found in core 500 KS (Figure 4a), whereas multi-modal
size-distribution patterns characterize goethite in core
264KS (Figure 4b). Summing up all samples from A2D
(Figure 4c), a bimodal size-distribution pattern appears.
In the Thetis Deep, however, mainly large particles were
found (Figure 4d).

The individual crystals usually have well developed,
smooth faces but sometimes a rough surface is observed
(Figure 5a). Different characteristic growth forms were
observed in the samples. Multi-domain crystals gener-

Atlantis Il Deep
core 500KS

Atlantis || Deep
All cores

500
2 \e“g'l\‘\
50

it Morg g,
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ally ‘grow’ from common nuclei and then diverge. They
are relatively thicker in the center and become thinner
towards the edges (Figure 5b). Twinned multi-domain
crystals are common (Figure 5c) and star-like twinning
was also observed (Figure 5d). The widths of multi-
domain crystals attain 100 nm, while individual domains
are 10—-20 nm wide. The multi-domainic crystals usually
display well developed (110) faces and some of them
terminate in well developed (021) faces (Figure 5e).
Sample GNO11 is singled out with respect to morphol-
ogy, being dominated by small (<10 nm) mono-domain
crystals almost square in projection. A few multi-
domainic elongated crystals were also found in this
sample (Figure 5f).

Laboratory experiments showed that high concentra-
tions of NaNOj at elevated pH (11-12) increased the
formation of multi-domainic crystals (Cornell and
Giovanoli, 1986). The nucleation of domains appears
to be related to the initial stages of goethite formation.
Multi-domainic crystals consist of almost parallel inter-
growths that emanate from a central nucleus and grow
along the z axis. Similar conditions could possibly be
related to the formation of multi-domainic goethite in
these samples as present Na concentrations range from
46.9 g/kg in the upper brine up to 92.6 g/kg in the lower

Atlantis Il Deep
core 264KS

Thetis Deep
(cores 728KS, 620PT)

20+
W."Q‘(h

\enatt

500

076 thar, 50

Figure 4. Size groups of goethites as observed by TEM: (a) A2D Core 500KS (samples: GNO10,GN0O11,GN012,GN014,GNO15 and
GNO027);(b) A2D Core 264KS (samples: GN054, GN069 and GNO71); (¢) all of A2D samples; (d) TD cores 728 (GN243) and 620PT

(GN145, GN146). Width and length were measured in nm.
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Figure 5. TEM images of goethite: (a) crystals with well developed faces along with crystals with surface roughness (sample
GNO71); (b) multi-domain goethite with a thickening of the central part (Sample GN243); (c) twinned multi-domain goethite
(sample GNO14); (d) star-like multi-domain goethite (sample GN180); (e) well developed (021) faces (sample GN054); (f) small
mono-domainic square crystallites with some multi-domain crystals (sample GNO11).
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brine (Brewer and Spencer, 1969). Similar Na concen-
trations probably prevailed during sedimentation of the
CO and DOP facies.

Cornell and Giovanoli (1987) found that terminal
faces ((021), (111), (121)) of goethite were especially
well developed when precipitation took place in the
presence of Si. They suggested that Si would adsorb
particularly well to these surfaces due to a higher density
of Fe atoms. The adsorbed species slow the growth and
hence these faces would dominate. These experimental
results can explain the elevated Si/Fe ratio at the edges
of the goethite crystals from the Red Sea Deeps and the
distinct (021) faces in some of the goethite. This plane
has the least broadening in XRD patterns and correlates
relatively strongly with the Si/Fe ratio (Figure 3e).

The frequent observation of twinned multi-domain
goethite and star-like goethite in the Red Sea samples may
be attributed to crystallization at elevated temperatures
(60-90°C) (Schwertmann et al., 1985). Temperature
increases up to 90°C do not reduce the percentage of
multi-domain crystals (Cornell and Giovanoli, 1986). At
elevated temperatures (125-180°), multi-domain goethite
can recrystallize into a mono-domain crystal
(Schwertmann et al., 1985). Thus, the common twinned
multi-domain goethite found in this study, and the
absence of recrystallized mono-domain goethite, set limits
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for the temperature range during the crystallization of
most of the goethite and it also makes recrystallization
under elevated temperatures less likely.

Lattice image. Lattice images of goethite are presented
in Figure 6. Many crystals show high crystallinity with a
low concentration of dislocations (Figure 6b) (arrow:
point analysis Si/Fe = 0.015). The domains present
coherent lattice images and preserve the original lattice
fringes after divergence (Figure 6¢). The number of
dislocations observed increases with increasing Si/Fe
ratios in the crystal (Figure 6d,e) (Si/Fe = 0.055). The
Si/Fe elemental ratio (0.08) in sample GNOI1 is
accompanied by numerous dislocations and the well
developed (021) plane (Figure 6f,g).

Mossbauer spectroscopy

Mossbauer spectra were measured at temperatures
between 5 and 300 K to ensure detailed information on
the dominant goethite and allow the evaluation of
possible interference on the crystallographic properties
and parameters of goethite from minor phases in some of
the samples. The spectra measured at room temperature
of samples from the two major groups are all character-
ized by a dominance of magnetically ordered sextets
(Table 4), indicating relatively large and chemically

Table 4. Hyperfine parameters determined from Mossbauer spectroscopy (magnetic
hyperfine field Bys and linewidth of at half maximum of lines 1 and 6 (FWHM) of the
goethite spectra at 15 K. (Sample GNO11 also at 5 K). A qualitative description of the
goethite spectrum at RT is also included.

Samples Magnetic hyperfine FWHM, Component in the
field By, T 0.3 T mm/s +0.02 RT spectrum

Almost pure Si-containing goethite

GNO15 50.6 0.38 Sextet/(doublet)

GNO027 50.2 0.41 Sextet/(doublet)

GNO069 50.9 0.38 Sextet

GNO71 50.1 0.38 Sextet

GNO089 50.3 0.40 Sextet/(doublet)

GN104 50.5 0.41 Sextet/(doublet)

GNI111 50.2 0.40 Sextet/(doublet)

GN145 n.m. n.m. Sextet

GN146 49.8 0.50 Sextet

GN201 50.3 0.40 Sextet/(doublet)

Almost pure Si-containing goethite with additional oxide phase

GNO10 50.0 0.45 Sextet/doublet

GNO12 50.2 0.65 Sextet

GNO14 50.6 0.39 Sextet

GNO54 50.0 0.55 Sextet

GNO086 50.3 0.44 Doublet/sextet

GN180 50.4 0.50 Sextet

GNI181 50.4 0.37 Sextet/(doublet)

GN243 50.3 0.44

Samples of goethite with composite spectra

GNO11 49.6 0.82 Doublet

GNO11(5K) 50.0 0.74

n.m.: not measured
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Figure 6. TEM and HRTEM images: (a) goethite multi-domain crystal; (b) HRTEM image of a goethite crystal in sample GN069
(Si/Fe = 0.015). Lattice fringes at 0.42 nm correspond to 110 spacing (arrow indicates defects in the crystal due to dislocations);
(c) HRTEM image of goethite crystals in sample GN181, with preservation of lattice fringes after divergence (arrow indicates the
location of the HRTEM image); (d) mono-domainic goethite in sample GN111 (Si/Fe=0.055);(e) HRTEM image of the same crystal
(arrow indicates dislocations); (f) HRTEM image of multi-domain goethite with numerous dislocations GNO11 Si/Fe = 0.08;
(g) TEM image of the same crystal as in f demonstrating a well developed terminate plane.

pure, well crystallized crystallites. Two samples deviate
from this general pattern: GNO86 and GNO11 both
exhibiting substantial doublets. Spectra measured at
15 K and the corresponding hyperfine parameters of
goethite in the samples (magnetic hyperfine fields and
line widths) are presented in Table 4. At this tempera-
ture, pure goethite exhibits a magnetic hyperfine field of
50.5T and a line width of 0.28 mms~', which, as

expected, is very close to the values found at 5 K
(Mgrup et al., 1983). All the present samples exhibit
invariant values of isomer shifts (0.48 mms ™'
4#0.02 mms~') and quadrupole shifts (—0.12 mms~!
40.02 mms~'). The samples have been grouped accord-
ing to the magnetic hyperfine field at 15 K. In the first
group of samples, the hyperfine field is within the
measurement uncertainty identical to pure goethite.
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However, a significant broadening of the lines can be
detected (0.38—0.41 mms™'). This broadening cannot be
explained by the presence of the minor additional phases
that are primarily Fe carbonates. In the second group of
samples, the hyperfine field of the goethite is also very
close to pure goethite, but for a number of samples in
this group it is evident that other Fe oxides are presentin
the samples. This might influence the fitting parameters,
e.g. in fitting of the spectrum of GNO10 a second sextet
is included to account for a small amount of lepidocro-
cite. Because of overlap between the two sextets, the
result may be slightly influenced and thus less accurate
— in particular, the line width may be affected.
Accordingly, the line broadening of samples from the
second group (0.39 to 0.65 mms~') may also be
influenced by parameters not related to goethite.
Overlap with the sextets due to hematite is in general
smaller, but for sample GNO12 it is substantial due to
reduction of the hyperfine field of hematite (presumably
caused by association with Si) in this sample. Sample
GNOI11 constitutes a group of its own based on both the
reduction in hyperfine field and the increased line width.
Because of the low ordering temperature of this sample,
it was also measured at 5 K, demonstrating a slight
increase in the hyperfine field and decreasing line width
(Table 4). We consider that the hyperfine parameters at
this temperature are unaffected by relaxation effects, i.e.
they reflect the intrinsic structural disorder.

Excluding sample GNO11 from the data due to
dynamic effects, we have correlated the magnetic
hyperfine field and Si/Fe ratios for samples in the first
two groups of samples (not shown). This plot does not
indicate any major influence of the Si on the hyperfine
field. Likewise, the broadening of the lines appears
uncorrelated with the Si association. Quin et al. (1988)
examined Si-associated goethites and concluded that Si
did not substitute for Fe in the structure, but that high Si
concentrations might have prevented the formation of
goethite. They thus inferred a strong adsorption of Si
onto crystal growth sites. Glasauer (1995) reported that
the hyperfine field at 4.2 K was almost unaffected
(50.1 T,50.2T, 50.1 T,50.1 Tand T 49.8) by increased
Si/Fe ratios (0.003, 0.02, 0.04 and 0.05, respectively).
Thus, similar to XRD results, the Mossbauer investiga-
tions imply rather pure crystals in most of the samples.
GNOI11 is an exception in this respect. The one directly
observable difference between this and the other samples
is the considerable number of defects observed in the
TEM. Defects in oxide crystals are very difficult to
observe by XRD because of their localized and random
occurrence. In addition, they cause only subtle changes
in the structure at the defect itself as shown by HRTEM
(Figure 6f). The magnetic behavior of the structure
depends, however, on highly localized interactions.
Introduction of the defects will arguably weaken the
interactions along a large number of super-exchange
pathways at one time, causing a lowering of the
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hyperfine field for the Fe atoms closest to the defect.
If this defect is rather random, this will not produce
clearly resolved components, but rather cause broadened
lines with smaller fields. Thus we propose that Si-
induced defect formation at low concentrations (goethite
in the first two groups) is a significant contributor to the
line broadening. At high defect concentrations the
ordering temperature and the low-temperature maximum
hyperfine field might also become significantly affected
as found in sample GNO11.

Formation process

Unit-cell parameters and twinned or star-shaped
goethite indicate that crystallization of goethite occurred
at elevated temperatures (40—-90°C). The common multi-
domainic character probably reflects crystallization
under conditions of elevated Na concentration. Thus,
morphology appears to be consistent with precipitation
within the brine.

Precipitation of CO and DOP zones occurred during
less active venting in the Deep, in a period of restricted
existence of brine pools (Shanks and Bischoff, 1980).
The Si-associated goethite from these zones represents
precipitation under local mixing between restricted brine
pools and RSDW. The Si/Fe ratios in these samples vary
among core sites (i.e. cores 500KS and 264KS) and even
within the same sedimentary core without changes that
can be related to core depth. In sites with elevated Si
concentrations, in agreement with Si association by the
goethite, small crystals dominate, whereas lower Si
concentrations enabled a larger diversity in size groups,
including some larger crystals. It is suggested that the
variability in Si/Fe ratios in the goethites reflect
fluctuations in the chemistry of the venting brine
(crystallization conditions) rather than a diagenetic
recrystallization within the sediments.

In most of the samples of A2D, two crystal forms of
goethite coexist: multi-domainic large crystals and
smaller individual crystals. Multi-domain larger crystals
with low Si/Fe ratio presumably crystallized at lower Si
concentration in higher parts of the brine, whereas small
crystals were formed at elevated concentrations of Si in
lower parts of the mixing column. The co-existence of
these two morphologies can possibly partly result from
different settling velocities of the various sizes.

In the TD, only multi-domain large crystals of
goethite were found. Elevated Na concentrations in the
brine that filled the Deep might have encouraged the
growth of multi-domain large crystals. The absence of
small crystals of goethite in this Deep probably results
from lower Si/Fe ratio in the hydrothermal fluids. A
similar difference in the chemistry of the hydrothermal
fluids is indicated by the relatively smaller Si/Fe ratios
reported in lepidocrocite from TD (Taitel-Goldman et
al., 2002).

Both the multi-domainic and the small crystals
exhibit relatively large surface areas, enabling increased
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association of Si and resulting in elevated Si/Fe ratios in
the precipitates. The Si is expected to precipitate on the
large surfaces of the domains first as a mono-layer that
at elevated Si/Fe ratios might polymerize on the surface.
Small crystals have a high specific surface area,
providing a larger number of precipitation sites for Si
and increasing the Si/Fe ratio measured in small crystals.

The association of Si with Fe oxides should be
considered in calculations involving mass balances
within the brine and the sediments derived from it. It
has been noted in previous works that the association of
Fe and Si resulted mainly in the formation of Fe-rich
clay minerals in A2D (Hartmann, 1985; Cole, 1988), or
possibly Si-enriched ferrihydrite (Anschutz and Blanc,
1995). It appears, however, that Si is closely associated
with the precipitation of Fe oxides either as a short-range
ordered phase (Taitel-Goldman et al., 1999), or as well
crystallized Fe oxides (Taitel-Goldman and Singer,
2001; Taitel-Goldman et al., 2002). The co-precipitation
of Si with Fe oxides constitutes an important Si sink in
the A2D and to a lesser extent in TD.

CONCLUSIONS

Goethite samples found in the CO and DOP zones in
the A2D and in the Fe-facies in TD have Si associated
with their crystals that affect their properties to various
extents. They formed small individual mono-domain
crystals or multi-domain, relatively large crystals that
are probably induced by high Na concentrations in the
brine. The Si association affects crystal morphology and
size: smaller goethite crystallites and larger crystals
elevated and reduced the Si/Fe ratios, respectively.
Small Si/Fe ratios suggest that part of the Si is located
on goethite surfaces, whereas at higher Si/Fe ratios,
polymerization of the Si may occur.

No evidence for Si substitution for Fe in the structure
was found, but the crystal properties of goethite are
significantly affected by the presence of the Si-broad-
ening of XRD peaks, as well as weakening of H bonds as
reflected in IR spectra, and enhancement of OH-bending
band separation. Mdossbauer spectroscopy reveals evi-
dence for structural disorder affecting magnetic
properties.

Fluctuations in the chemistry of the venting fluids
probably determine the Si/Fe in the brine and this is
reflected in the goethite properties. The size of the
goethite crystals and their crystallinity are the result of
local crystallization environments rather than an evolu-
tionary diagenetic pattern. The Si/Fe ratio is site-
dependent, reflecting precipitation in local submarine
brines with limited mixing. Their temperature was
~60-70°C (similar to the current conditions in the
A2D), hot enough to form twinning. The hydrothermal
brine in TD had elevated Na concentration but lower Si
concentration and probably lower temperature (<60°C),
indicating less interaction with hot rock underneath.
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