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Abstract: The on-board identification of ore minerals during a cruise is often postponed until long
after the cruise is over. During the M127 cruise, 21 cores with deep-seafloor sediments were recovered
in the Trans-Atlantic Geotraverse (TAG) field along the Mid Atlantic Ridge (MAR). Sediments were
analyzed on-board for physicochemical properties such as lightness (L*), pH and Eh. Selected
samples were studied for mineral composition by X-ray powder diffraction (XRD). Based on XRD
data, sediment samples were separated into high-, low- and non-carbonated. Removal of carbonates
is a common technique in mineralogical studies in which HCl is used as the extraction agent. In the
present study, sequential extraction was performed with sodium acetate buffer (pH 5.0) to remove
carbonates. The ratio between the highest calcite XRD reflection in the original samples (Iorig) vs
its XRD-reflection in samples after their treatment with the buffer (Itreat) was used as a quantitative
parameter of calcite removal, as well as to identify minor minerals in carbonated samples (when
Iorig/Itreat > 24). It was found that the lightness parameter (L*) showed a positive correlation with
calcite XRD reflection in selected TAG samples, and this could be applied to the preliminary on-board
determination of extraction steps with acetate buffer (pH 5.0) in carbonated sediment samples. The
most abundant minerals detected in carbonated samples were quartz and Al- and Fe-rich clays. Other
silicates were also detected (e.g., calcic plagioclase, montmorillonite, nontronite). In non-carbonated
samples, Fe oxides and hydroxides (goethite and hematite, respectively) were detected. Pyrite was
the dominant hydrothermal mineral and Cu sulfides (chalcopyrite, covellite) and hydrothermal
Mn oxides (birnessite and todorokite) were mineral phases identified in few samples, whereas
paratacamite was detected in the top 20 cm of the core. The present study demonstrates that portable
XRD analysis makes it possible to characterize mineralogy at cored sites, in particular in both low-
and high-carbonated samples, before the end of most cruises, thus enabling the quick modification of
exploration strategies in light of new information as it becomes available in near-real time.
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1. Introduction

It is no novelty that mineralogical and geochemical information are both essential to providing
an early assessment of the ore potential of an exploration area. The application of cost-effective
techniques to analyze offshore materials from exploration target areas (i.e., in near-real time) and thus
acquire mineralogical and geochemical information in order to provide a preliminary ore potential is a
prerequisite for fast and efficient regional exploration [1]. Operations such as these will be essential in
creating the knowledge necessary for larger scale ventures.

Due to the increased demands of our modern technological world, and with the definition of
sustainability goals for 2030, global society needs for critical raw materials (CRMs) are expected to grow
rapidly. There is an opportunity to explore the seafloor for critical (and non-critical) resources, including
mid-ocean ridges that may contain appropriate CRM resources. Knowledge about the distribution
and grades of marine mineral resources on the ocean floor is particularly limited to seafloor massive
sulfide (SMS) deposits, which occur along mid-ocean ridges. The Mid-Atlantic ridge (MAR) hosts
19 known SMS fields in different geological settings, of which the Trans-Atlantic Geotraverse (TAG)
hydrothermal field, discovered by Rona et al. [2], is tectonically controlled and one of the largest known
SMS deposits [3–6]. The TAG hydrothermal field consists of a number of SMS deposits that include
the active high-temperature TAG mound and active low-temperature Shimmering mound, as well
as inactive sulfide mounds such as the large MIR, Double, and Shinkai mounds [7,8]. It is of crucial
importance to elucidate the compositions and formation of mineral deposits from older and colder
relicts (e.g., Double, Shinkai and MIR mounds) to active deposits (Shimmering and active TAG mounds).

Most studies of mineral deposits, including those regarding active TAG mounds, have been
determined onshore by X-ray powder diffraction (XRD) in conventional laboratories [9–13]. Available
XRD studies have been performed with dry powder mounts, generally without any pre-treatment
of samples to remove calcite. The only study in which sodium acetate buffer (1N) was used to
eliminate carbonate phases from sediment samples of the TAG field was that of Severmann et al. [13].
However, this was done onshore, and no data on stoichiometry nor on buffer solution characteristics
were provided.

The offshore X-ray powder diffraction (XRD) identification of minerals for deep-sea mineral
exploration was been developed as a part of the EU-FP7-funded project “Blue Mining-breakthrough
solutions for sustainable deep sea mining”. In this work, rapid, exploration-oriented, integrated XRD
methods are described for the mineralogical study of deep-seafloor sediments. The carbonated samples
method of sequential extraction with acetate buffer was developed for the rapid analysis of minerals
based on a low or high initial content of calcite in samples. To the best of our knowledge, no similar
studies have been reported. Fieldwork was conducted during the expedition M127, aboard the German
research vessel Meteor, throughout the TAG hydrothermal field (26◦ N, MAR) during May–June 2016.
All on-board results were validated later, onshore, by conventional XRD analysis under fully fledged
laboratory conditions. The results were exactly the same as those obtained offshore.

2. Materials and Methods

2.1. Sample Collection and Labeling

During expedition M127, the selection of suitable sediment ponds for gravity coring was based
on a distal/regional location from the known hydrothermal mounds with the intent to study/identify
concealed mineralized masses in the TAG hydrothermal field (Figure 1). The selection of possible
coring stations was largely based on preexisting bathymetric data. In total, 21 gravity cores (GCs) were
recovered with sediments varying from 20 cm (GC-638) to 313 cm (GC-627) in length. Gravity corers
were collected from water depths between 3000 to 3753 m (Figure 1). Five cores were collected in the
northern part of the TAG area in the Shimmering mound: GC-626, GC-681 and GC-682 were taken
from proximal areas, and GC-576 and GC-690 were taken from distal areas. The cores GC-616 and
GC-617 were collected in the eastern part of the Southern mound, whereas GC-636 was obtained 900 m
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SW of this mound. The GC-702 was collected about 100 m SW and SE of the inactive Shinkai mound
and Double mound, respectively. Cores GC-627, GC-644, GC-647 and GC-703 were recovered from the
Central area. At the MIR zone, cores GC-649 and GC-692 were collected in proximal areas, but four
corners were also recovered from more distal zones: GC-666 and GC-691 were collected around 2000
m NE of the active area and GC-645 and GC-615 were collected 800 m NW and 1200 m SE of the active
area, respectively. GC-693 was located 800 m NW of the high-temperature active TAG mound, while
GC-638 was located approximately 1000 m SE of the active TAG mound.
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Figure 1. Location of gravity cores (GCs) recovered during M127 at the TAG hydrothermal field.
Autonomous underwater vehicle (AUV) bathymetry map (2 m resolution) produced by GEOMAR
(Helmholtz-Center for Ocean Research, Kiel, Germany) [14]. 1—Shimmering mound; 2—Shinkai mound;
3—Double mound 4—Southern mound; 5—Central area; 6—MIR zone; Red star-TAG active mound.

Upon recovery on deck, the core catcher (CC) was removed and the core liners were cut into
1-m sections. The core sections were subsequently transported to the cold laboratory for pore water
extraction and afterwards to the Geolab for further work [15]. The subsamples collected for onshore
treatment and archive/working core halves were stored in plastic sleeves within a nitrogen atmosphere
to prevent sulfide oxidation. Nitrogen was introduced by air gun followed by sealing the sleeve.

2.2. Sample Monitoring and Pre-Treatment

The core sections were carefully split lengthways using a circular power saw. After opening the
cores with a fishing line wire (hard nylon), the sediment was monitored using a Spectrophotometer
CM-700d/600d (Konica Minolta, Warrington, United Kingdom) to obtain light reflectance parameters.
The lightness parameter belongs to the CIELAB (Commission Internationale de l’Eclairage) color
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description system (CIELAB), which uses three coordinates (L*a*b*) to locate a color in space. The
CIELAB system uses a spherical coordinate system, with one of the axes being the lightness value (L*)
ranging from 0% to 100%, and the other axes being the chromaticity variables a* and b* (a* is the green
to red axis and b* is the blue to yellow axis). Lightness was measured with recommended parameters
setup 10◦/D65, where D65 refers to average daylight as a standard illuminant.

In the center of the working half along the core, a portion of sediment was sampled by a cut-off,
tip-less plastic syringe, then dried in an oven at 35 ◦C for several hours (5 h on average). Subsequently,
at selected depths, the working half was sub-sampled for later onshore work. For all samples pH, redox
potential and temperature were registered by a portable multimeter analyzer (Hach Lange senSION
MM110, Berlin, Germany).

After drying, samples were ground in an agate mortar and pestle. Depending on the sample
heterogeneity (observed visually by differences in color) and on monitored screening parameters,
various samples were selected from each core and analyzed by the Spectrophotometer without any
further pre-treatment step. At least one sample rich in carbonate ooze was analyzed from each core, but
mineralogical work was concentrated on hydrothermally influenced samples (e.g., up to 20 samples
were analyzed per core in the Central area, see Figure 1 and Table 1, Section 3).

2.3. Sequential Extraction of Carbonates

Information about the presence of minor mineral phases in samples rich in carbonate ooze can
be flawed due to the presence of calcite, which in XRD analysis produces peaks overlapping with
those of important minerals such as sulfides, sulfates or oxyhydroxides. Moreover, the most abundant
reflection of calcite at d = 3.03 Å (Calcite 104) “masks” characteristics and the less abundant, peaks of
other minerals, particularly clay minerals [16]. Therefore, in carbonated samples, sequential extraction
must be applied to remove calcite in order to be able to identify the minor phases. Sequential leaching
was performed onshore, but could easily be performed onboard.

The method of sequential extraction with sodium acetate solution was first applied to sediment
samples by Tessier et al. [17], when it was demonstrated that buffer solutions with pH values lower
than 5 could affect the structure of mineral phases. Namely, extraction with HCl or acetic acid at a
concentration of 2.5% and a pH of 2.5 led to the partial attack of Fe and Mn oxides. Therefore, the
use of acetate solution with a pH of 5.0 will have minimal impact on other minerals such as silicates,
oxides and sulfides. The use of sequential extraction provides an effective dissolution of carbonates
without attacking the minor mineral phases. However, in the presence of low crystallinity phases, the
buffer solution may be excessively active. Some phases may be dissolved, preventing their detection.

With the aim of removing carbonates and identifying minor minerals in carbonate-rich samples,
we optimized the method of sequential extraction with previously prepared composite standards prior
to the cruise. The standards were prepared by mixing pure crystals of calcite, hematite, pyrite and
chalcopyrite (min 95.0%, MinLab, Lisbon, Portugal) in different proportions. Initially, the minerals were
crushed in a stainless steel Abich mortar and the obtained particles were finely ground in an agate mortar
with addition of few drops of ethanol, as grinding aids. Each pure mineral powder obtained in this
way was kept in a plastic vial. The base mixtures of minerals in certain proportions were homogenized
in a vial by vigorously shaking them for a few minutes. Two composite standards containing calcite,
hematite, pyrite and chalcopyrite were prepared “in house” in the following proportions: 39.7%,
28.3%, 26.3%, 5.8% (standard CS-A) and 84.4%; 7.3%; 6.8%; and 1.5%, respectively (standard CS-B).
We used previously analyzed (chemistry and XRD mineralogy) sediment samples from the Saldanha
hydrothermal field as in-house standards. These were collected during the research cruises Seahma I
and CD 167 [18,19], and quantity of calcite in these sediment samples corresponded with the ones used
for the composite standards prepared. We used lower (39.7%) and higher concentrations (84.4%) of
calcite in the composite standards.

Sodium acetate, anhydrous (min 99.0%, Merck, Darmstadt, Germany) and acetic acid (min 99.5%,
Sigma-Aldrich, Darmstadt, Germany) were used to prepare the buffer solution for extracting carbonates.
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About 1 g of each sediment sample (dry weight) was dissolved in 30 mL of sodium acetate adjusted to
pH 5.0 with acetic acid in a polypropylene centrifuge tube (50 mL) to minimize loss of solid material.
Five hours of extraction were sufficient for complete dissolution. After extraction, separation was
accomplished in a mid-desktop centrifuge (Megafuge 1.0, Heraeus, Buckinghamshire, UK) equipped
with a rotor sealed in four places (each with 3 tube positions), which allowed the fast separation of high
sample volumes at 3000 rpm (in 5 min). The respective supernatant was removed, whereas the sample
residue was washed with 30 mL of distilled water. After another centrifugation step, the supernatant
was discarded and the rest of the sample was dried at 35 ◦C. For composite standards with higher
amounts of calcite, a second dose of fresh buffer solution was added to complete the dissolution step,
and the supernatant was discarded following the same procedure previously described.

2.4. XRD Analysis of Seafloor Sediment Samples

The instrument operating conditions that were selected for mineral identification were focused on
the development of an efficient methodology for real-time data acquisition to provide time-effective
exploration tools offshore. Thus, in the Laboratory of Mineralogy, Faculty of Sciences, University of
Lisbon (Lisbon, Portugal), previously characterized sediment samples (Saldanha hydrothermal field;
36◦34′ N, 33◦26′ W) collected during the research cruise Seahma I (L’Atalante vessel and Victor 6000
ROV) and the RV Charles Darwin cruise CD 167 [18,19] were analyzed using a portable desktop X-ray
diffractometer (MiniFlexII, Rigaku, Tokyo, Japan) equipped with a MiniFlex2+ goniometer and detector.
CuKα1 radiation (1.541 Å) was operated at an applied voltage of 30 kV, with a 15 mA beam current.

A standard plate of pure silicon was used for calibration of the X-ray diffractometer, measuring 2θ
positions of characteristic peaks in order to perform angle corrections (a runtime of approximately
80 min). The measurement conditions showed various peaks that were automatically calculated,
and the differences between the default and measured values were found to be less than 0.1◦ for the
respective 2θ◦.

All samples were analyzed in glass slide holders (because of the better sensitivity of diffractograms)
that were uniformly pressed, assuring a perfect distribution of suitably compressed dry powder. The
2θ incidence angles spanned from 5◦ (start angle) to 60◦ (stop angle), with a scan speed of 1.2◦ per
minute using the continuous scan mode. The total runtime for the analysis was optimized to be 45 min
per sample. Before running the samples, instrumental calibration was performed by running a quartz
standard and thus ensuring the 2θ positions in the diffraction pattern corresponded to characteristic
peaks of the mineral.

Obtained raw files were transformed with the PowDLL program (v. 2.53.0.0, N. Kourkoumelis,
University of Ioannina, Ioannina, Greece) to binary scan.rd format and further transformed into binary
peaks.di documents by X’Pert Plus, which were readable for direct mineral analysis by the in-house
developed software ‘XRD Identify’ [20]. Smoothing was performed by applying Savitzky-Golay’s
digital filter, and after background subtraction and Kα2 elimination, peak search was automatically
run by a minimum second derivative. Only the peaks with relative intensities higher than 20 counts
were considered relevant for mineral identification.

The XRD Identify studio software was designed to assist the interpretation of diffracted mineral
powder data [20]. The program interprets X-ray diffraction patterns characterized by complex,
overlapping peak registers, which are traditionally difficult to sort out. As a standard, this software
used the ASCII PDF-2 commercial database published by the Joint Committee on Powder Diffraction
Standards–International Centre for Diffraction Data (JCPDS–ICDD).

2.5. Quality Control

2.5.1. Optimization of Extraction Method for Removing Calcite

To test extraction efficiency, composite samples prepared from pure mineral standards were used
(CS-A and CS-B; see Section 2.2). XRD patterns obtained by running the CS-A before and after the
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treatment with sodium acetate buffer are shown in Figure 2 as an example. In the original composite
sample, only characteristic peaks of calcite (CaCO3) could be observed, and the strongest reflection of
calcite (diffracting plane 104 at 29.42◦) practically “masked” all other peaks associated with minerals
originally present in the sample (Figure 2a). In Figure 2b, the depicted Y-axis scale (with the same
span as Figure 2c) shows that calcite peaks could be detected almost exclusively in the untreated
(original) sample.Minerals 2020, 10, x FOR PEER REVIEW 7 of 20 
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The XRD pattern of treated CS-A shows that typical calcite (Cal) peaks were eliminated after
applying the extraction, including those at 39.43◦, 43.18◦ and 48.51◦ (Figure 2c). Thus, characteristic
peaks for hematite (Hem) and pyrite (Py) (at 33.20◦ and 33.09◦, respectively) increased for more than
50%, after the extraction method was applied. The typical peaks for pyrite became visible only after
treatment with buffer, and its presence was confirmed by characteristic bands at 28.55◦, 56.35◦ and
59.10◦ (note that the peak at 28.55◦ in the original sample could not register as it completely overlapped
with a broad and intense Cal reflection at 29.42◦). Chalcopyrite (Ccp), present in a small amount in
CS-A (5.8%), was detected at 29.40◦ (overlapping with the most intense reflection of Cal) only after
the removal of calcite. An additional Ccp peak (at 49.06◦) became more visible after the buffer attack
(in order to avoid misinterpretation with Cal, the most intense peak of Ccp at 29.40◦ was not considered
as the only confirmation peak).

To better explain calcite extraction, we used the quantitative ratio between Cal at 104 intensities in
the original (Iorig) and treated (Itreat) samples: Iorig/Itreat, as an empirical parameter for the evaluation
of efficiency of calcite removal from the original sample. In this case, the ratio of XRD intensities
was equal to 24.5, which was enough to identify other mineral phases in the prepared composite
samples (CS-A).

The CS-B standard was prepared with a much higher content of calcite (84.4%), and the first
treatment with the sodium acetate buffer resulted in a low ratio of Iorig/Itreat (equal to 2.75), which was
not enough to eliminate Cal and identify other minerals. After the addition of the second dose of
buffer, the ratio was three times higher (Iorig/Itreat = 8.25), and only after the addition of the third dose
of buffer were the typical peaks of Cal eliminated (Iorig/Itreat = 24.2), allowing the other three minerals
in CS-B (i.e., Ccp, Hem and Py) to be detected. In samples with higher contents of calcite, several doses
of fresh buffer addition were necessary to quantitatively extract carbonates and permit the detection
of other minerals. Therefore, the degree of calcite XRD signal decrease the treatment with sodium
acetate buffer was considered to be the critical parameter determining the possibility of identifying
other minerals in carbonated samples. Higher values of Iorig/Itreat (>24) indicated the quantitative
removal of calcite, permitting the detection of other minerals in mixtures.

2.5.2. Validation of Mineral Identification

The validation of crystalline phases was carried out after the M127 cruise at the Instituto Superior
Technical-University of Lisbon (Portugal) with a conventional X-ray diffractometer (PANalytical
X’PERT Pro model) using CuKα radiation. The measurement parameters used were similar to those
previously established with a 2θ range: 5–60◦, step size 2θ = 0.033◦ and scan speed of 0.029 s, with
generator settings of 35 mA and 40 kV. The total runtime for each analysis was about 35 min.

The verification of identified minerals was performed by the software X’Pert High Score Plus
with an updated PDF4 database (International Center for Diffraction Data, 2017). In this way, the
database was used for the qualitative identification of mineral phases in analyzed samples, as well as
for the validation of previously obtained offshore XRD results. Some of the XRD patterns of studied
sediment samples (GC-627/B-151, GC-627/A-220 and GC-682/A-220) with identified mineral phases are
presented in Figures S1–S3.

2.6. Time Constraints Related to Identification of Minerals during Cruises

As previously explained, for the X-ray diffraction analysis of sediments, samples should be
dried, ground and homogenized prior to mineral analysis (see Section 2.2). Sample drying is a
time-consuming step, since the temperature should be kept at 35◦, to prevent the destruction of the
clay mineral structure and thus bias the mineralogical analysis. Our results showed that, on average,
about 5 h were enough to dry the samples before they reached a constant mass. The grinding step was
performed until no asperity was felt, and this pre-treatment step took at least 5 min per sample. The
grinding was accelerated by adding a few drops of ethanol. Each XRD analysis took approximately
45 min in order to complete mineralogical identification.
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To apply the optimized sequential extraction to the carbonated samples, an extra 5 h was necessary
for the reaction with the buffer solution to occur; then, after centrifugation (5 min), another 5 h of
drying was necessary before running the XRD analysis. For samples with higher carbonate contents,
an additional extraction step was needed, resulting in a 10 h process (5 h for the buffer attack and 5 h
for the sample drying). All these time constraints were improved onshore, but could be applied for the
more-efficient XRD identification of minerals during cruises.

3. Results and Discussion

The main values of physicochemical parameters measured in core sediment samples (n = 107)
are presented in Table 1. In terms of pH, all sediment samples were very similar, and were neutral to
slightly basic with a narrow range of pH values (i.e., from 7.03 (GC-682-A-202) to 8.15 (GC-692-CC)).
Slightly acidic properties were visible in samples of the core GC-702, with pH values from 6.31 to 6.74
(Table 1). The measured values for redox potential (Eh) varied from -195 mV (GC-647-C-64) to 339
mV (GC-682-B-155), showing that different reactions can occur in sediments. As an example, under
oxidative conditions (Eh > 0 mV), a reduced form of metal ions is more stable (e.g., Fe2+ and Mn3+),
whereas under redox conditions (Eh < 0 mV), sulfide formation is more favored (S2−).

Table 1. Description and main physicochemical properties of M127 Gravity Cored (GC) sediment
samples such as pH and Eh (min–max value).

GC
Water
Depth

(m)

Core
Length

(cm)
pH Eh (mV) No. of

Samples General Description

576 3434 116 7.42–7.59 222–303 5 Carbonate ooze; basalt fragments in
the core catcher

615 3555 108 7.56–7.65 149–225 2 Carbonate ooze with 2 shelly layers

616 3500 131 na na 1 #
Carbonate ooze overlying brown to

red silty-sandy layers with a few grey
volcanic layers

617 3462 64 7.58–7.63 195–210 5 # Carbonate ooze

626 3407 120 7.29–7.36 166–226 4 #

Carbonate ooze overlying brown to
red silty-sandy sediments and basalt
fragments; several Mn oxide breccia

layers

627 3519 313 7.19–7.60 −244–235 20 #

Repeating series of brown-red-orange
silty-sandy sediment layers with
several sulfide sand layers; dark

layers of Mn oxides

636 3604 108 7.75 200 1 Carbonate ooze

638 3753 20 na na 1 # Carbonate ooze

644 3515 269 7.42–7.73 172–223 15

Repeating series of brown-red gravel
and silty-sandy sediment layers and
red-green patchy layers; several Mn

oxide breccia layers

645 3562 131 7.71 222 1 Carbonate ooze with a 15 cm reddish
silt layer

647 3520 300 7.31–7.73 −195–215 12

Repeating series of brown-red-orange
silty-sandy sediment beds with a few

thin layers with fine sulfides and
Mn oxides

649 3423 178 7.68–7.75 176–186 3 #
Carbonate ooze overlying brown to

red silty-sandy sediments with a few
grey volcanic layers

666 3000 37 7.88 171 1 # Carbonate ooze
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Table 1. Cont.

GC
Water
Depth

(m)

Core
Length

(cm)
pH Eh (mV) No. of

Samples General Description

681 3510 300 7.65–8.0 158–312 8 #

Carbonate ooze overlying repeating
series of brown-red

silty-sandy-gravely sediment layers;
Mn and Fe oxide breccia layers

682 3445 281 7.03–7.91 −72–339 9 #

Carbonate ooze overlying repeating
series of brown-red

silty-sandy-gravely sediment and
patchy layers; Mn and Fe oxide

breccia layers

690 3644 80 7.85 180 1 # Carbonate ooze

691 3067 66 na na 1 # Carbonate ooze

692 3422 79 7.71–8.15 151–187 4 #
Carbonate ooze overlying patchy

red-brown-green gravel layers with
Mn and Fe oxides

693 3654 71 na na 4 Mn oxide breccia interlaid with
orange silt layers

702 3560 92 6.31–6.74 −101–−2 3 Brown silty-sandy sediment with fine
grained sulfide layers

703 3460 300 7.14–7.69 125–234 6
Carbonate ooze overlying dark

heterogeneous layers of Mn and Fe
oxide breccia

#—the lowermost sample from this core is from the core catcher; na—not analyzed or too coarse to be measured.

As can be seen in Table 1, most of the cores exhibited a highly carbonated appearance, whereas
few of them showed evidence of hydrothermal influence. However, in the vicinity of the Central area
cores (GC-627, GC-644, GC-647) showed brown-red-orange layers with dark Mn oxides. Near the
Shimmering mound, two cores (GC-681, GC-682) showed Mn- and Fe-oxide breccia layers.

3.1. Identified Mineral Phases in Carbonated Sediment Samples

All sediment subsamples from carbonate-rich cores (Section 2.1) are characterized as pale brown
to brown in color, with grain sizes of sandy silt and irregular patches due to bioturbation in sediment
overlying the basaltic pillow lava substrate. Out of the more than 100 samples studied, 42% of them
were carbonate-rich samples (n = 45), and their relative intensities of the highest reflection of Cal
(at 29.42◦) ranged from Iorig: 274 to 396 counts. Three samples of cores (GC-627, GC-690 and GC-681)
are shown in Figure 3 as an example. Except for the presence of small peaks of quartz (Qtz) at
26.66◦, the calcite peaks masked all other minor minerals and, hence, could not be identified in the
original diffractograms.

After the sequential dissolution of calcite the intensities of the main calcite peak (104) were strongly
reduced and the obtained diffractograms of the chemically treated samples permitted the identification
of other primary mineral phases. As can be observed, obtained peaks were of less intensity, ranging
from 30 to 80 counts (Figure 3a,c, respectively), indicating a poor abundance of detected minerals.
In general, carbonate-rich samples also contain Al-rich and Fe-rich clays such as illite (Ilt), kaolinite
(Kln), montmorillonite (Mnt), nontronite (Nnt) and so on, as previously reported in the TAG [10–13]
and other seafloor hydrothermal deposits [15,18,19,21,22]. Nontronite (Fe-Al-smectite) was found in
two samples near the low-temperature Shimmering mound (681-CC and 682-CC), where its formation
was favored under neutral to slightly basic pH and at low temperatures in low Eh conditions when Fe
and Si were present in the solution [13,23]. Besides clays, quartz and albite (Alb), goethite (Gt) was
also found in most of the cored samples from the Central area (GC-627, GC-644, GC-647, GC-703; see
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Figure 1), as well as near the MIR (GC-692) and Shimmering (GC-702) mounds. The presence of Qz,
Alb and Gt were driven by basaltic fragments and might have been be included in small fragments
in the sediment. The formation of Gt may be associated with higher Eh values and the presence of
Fe3+ [13,23]. In most of the cores, goethite (Gt) was evenly distributed, with the exception of GC-644
and GC-682, where it was detected in deeper cored samples (i.e., GC-644/A-225, A-235, A-269 and
GC-682/A-198, A-209, A-220).
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Some of the clay minerals (in the bottom of cores) were probably directly derived from underlying
basalts due to an alteration of magmatic minerals. Igneous plagioclase was either albitized (681-B-190)
or partly replaced by anorthite-rich secondary plagioclase in the core catcher of sample GC-690
(Figure 3). Barriga et al. [24] identified hydrothermal anorthite in Troodos ophiolite, and Venko
et al. [25] identified it in ODP hole 504B (Costa Rica Rift) and in Oman ophiolite. Aragonite-rich
plagioclase was the main mineral fraction in most core catcher samples, which is in accordance with
the results of Honnorez [26]. Moreover, in sample 649-CC, which was proximal to the inactive MIR
mound, this was the only mineral that could be identified.

Along the gravity cores collected from locations with hydrothermal influences, several samples of
the Central zone and proximal to the Shimmering mound had high carbonate contents that were evenly
distributed (GC-627/B-184 and GC-681: C-30, C-80, B-190, A-250; GC-682: C-10, C-78, respectively; see
Figure 1), with high intensities of Cal reflection (Iorig > 234 counts). The mineralogy detected in these
samples was characterized by abundant clay mineral fractions (such as kaolinite (Kln), montmorillonite
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(Mnt), nontronite (Nnt)), augite and anorthitic plagioclase, while quartz (Qtz) and goethite (Gt) could
also be identified in some of them.

Several samples from the Central area showed intermediate contents of calcite (e.g., GC-627/C-43,
B-151; GC-644/C-52, C-60, C-70; GC-647/B-184; see Figure 1). Similar contents of Cal were found
in samples near the MIR zone and proximal to the Shimmering mound, with Iorig ranging from 4
(GC-682/B-116) up to 156 counts (GC-649/A-167). After the extraction procedure was applied, the
mineral fraction that could be detected from the XRD pattern was attributed to goethite (Gt), halite and
quartz (Qtz). Moreover, the presence of hematite (Hem) was confirmed in sample GC-647/B-184, which
was proximal to the Double mound (see Figure 1). Since amorphous phases are commonly present
in plume Fe-rich fallout and in primary Fe oxyhydroxides, we could detect them as broad scattering
profiles in the backgrounds of the originally obtained XRD patterns of studied samples.

3.2. Correlation between XRD Intensity of Calcite and Lightness

The lightness parameter (L*) has been used for a long time as a reasonable proxy for carbonate
content in sediment cores [27,28]. In analyzed samples from the TAG field, a relationship between
relative calcite XRD peak intensities (with a reflection of the 104 calcite peak) and the lightness
parameter (L*) in sediments could be also observed [27]. The lightness measured directly on the cored
samples and carbonate content can be described via the two-step model depicted in Figure 4: for the
samples with lower carbonate contents (Iorig < 100 counts), which corresponded approximately to
less than 20 wt% of Cal, there was a 0-slope linear trend between two variables, indicating negligible
changes in Cal XRD intensity (I104) with sediment lightness (L*). Samples with higher carbonate
contents (Iorig > 100 counts) (i.e., those with more than 20 wt% of Cal), were characterized by a positive
correlation (R = 0.74, p = 0.05) between Cal intensity (I104) and sediment lightness.Minerals 2020, 10, x FOR PEER REVIEW 12 of 20 
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Figure 4. Relationship between the XRD intensity of the main (104) calcite peak (Iorig) and the sediment
lightness (L*).

Hence, in this particular scenario, the lightness of sediment could be useful to initially estimating
the content of calcite (high- vs low-carbonated samples), which is very important when considering of
the number of extraction steps with acetate buffer. In our sample suite (Figure 4), a single step of buffer
treatment would be enough to remove calcite for sediments with a lightness of L* < 45, whereas in
cases of L* > 45 at least two buffer treatments would need to be performed. Thus, for samples with a
higher value of L* (>45), XRD would need to be run after two buffer treatments and, depending on the
deduced Iorig/Itreat value, at least one more extraction step would need to be performed before the final
mineral identification (see Section 2.5.1). The presence of calcium carbonate in samples was confirmed
by a simple preliminary test with a few drops of diluted hydrochloric acid (1M HCl). The presence of
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other (white) minerals that could interfere with Cal and influence the value of the L* (such as sulfate)
was considered negligible, because it was not detected in the TAG field [9–13].

This model could be particularly useful for detecting metal-bearing minerals spread by
hydrothermal plumes that later precipitate in carbonated pelagic sediments. This would be most useful
for constraining metallic anomalies (related to sulfide and oxide minerals) in oceanic sediment layers,
and could contribute to discovering new hydrothermal fields (especially if they are inactive). Other
minerals (such as sulfates) could interfere and contribute to the sediment lightness, leading to false
positive results when interpreting calcite concentrations. However, the precipitation of sulfates from
buoyant plumes is not expected away from vents, as the physico-chemical conditions of the plumes do
not favor the transportation of sulfates.

3.3. Mineral Phases Identified in Hydrothermal Samples

Samples with strong hydrothermal influences were analyzed faster (without any extraction step),
and their compositions varied strongly along the core. Selected samples of different textures were
assessed offshore, with some of the results elaborated upon below.

A representative core from the Central zone (Figure 1) that was distal to massive sulfide mounds
consisting of four consecutive sections (D, C, B, A) of GC-627 (NW of the MIR zone and Central area) is
presented in Figure 5. As can be seen, the four sections were heterogeneous: the top 40 cm contained
pelagic sediment of a light brown color on top that became darker towards the bottom of the layer
with some bioturbation. In the rest of the core (Sections C–A), repeating series of brown-red-orange
silty-sandy sediment layers with some sulfide beds were present. The sulfide-rich sediments, forming
mm- to cm-thick layers, were composed of silty to coarse sulfide crystals of dark colors. When the
nontronite (or olivine minerals) are very fine grained, the sediment became green olive in color (sample
GC-627/A-283).

XRD analyses confirmed that the hydrothermal sediments were characterized by the presence
of chalcopyrite (Ccp), goethite (Gt), hematite (Hem), pyrite (Py), quartz (Qtz) and nontronite (Nnt).
Typical XRD patterns of three samples in the GC-627 are presented in Figure 6. As can be observed, poor
crystalline mineral specimens were represented by low-intensity reflectance bands (Iorig < 65 counts).

Hydrothermal sediment occurring close to the massive sulfide mounds commonly consisted of
orange-brown silt layers, revealing a high content of Fe-bearing phases that were oxidized as a result
of contact with seawater. A disturbed core collected from the base of the Shinkai mound was sampled
by GC-702 and showed some greenish patches (Figure 7).

The XRD patterns obtained for three samples of this core indicated the presence of chalcopyrite
(Ccp), as presented in Figure 8.

Chalcopyrite (Ccp) was also identified and its well-crystallized phase was confirmed in all three
subsamples by peaks (at 29.40◦, 48.67◦ and 57.87◦) (Figure 8). The top 30 cm (Figure 8b) showed a
higher content of chalcopyrite, whereas the deepest sample, at a depth of 53 cm (Figure 8c), contained
less of this mineral. Furthermore, minerals of the atacamite group were described onboard in the
top-most layer (GC-702-A-20) and later confirmed by XRD analysis onshore to be paratacamite (Ptc,
(Cu,Zn)2(OH)3Cl) with its characteristic peaks at 16.20◦ and 28.40◦ (Figure 8a). The presence of this
Cu-chloride phase (Ptc) in the TAG field is attributed to the oxidation of Cu-rich sulfide minerals,
largely chalcopyrite, in limited contact with seawater [10].

Besides this cupric chloride phase, other minerals such as goethite (Gt) and pyrite (Py) were
identified (Table 2). Both phases were formed under oxidizing conditions (higher Eh values) as a
weathering product of sulfide phases [22,23]. The mineral goethite (Gt) increased downcore, whereas
the pyrite (Py) content significantly decreased (with peaks at 56.35◦ and 37.13◦). In this case, the peak
at 33.09◦ was not considered, as it is a common reflection of both minerals. Hence, our results suggest
that the deeper pyritic layer was exposed to oxidation for a considerable timespan, enabling marked
pyrite oxidation.
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Brecciated metalliferous material was detected in samples collected near the MIR zone and were
composed of Fe and Mn oxyhydroxides, clay minerals and sulfide material (GC-692, bottom of B and
A sections). In GC-626-A-75 and GC-626-A-110 (Figure 9), collected near the Shimmering mound
area, dark Mn-oxide breccia layers could be noticed, and the presence of Mn-minerals was confirmed
by typical peaks in XRD patterns (sample GC-626-A-75 is presented in Figure 10). As can be seen,
weak peaks with intensities not exceeding 30 counts designated poor crystalline quality of the sample.
Similarly, black Mn-oxide sediment samples corresponding to dredged superficial crusts from the
TAG-area were described by Thompson et al. [10].
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The ferromanganese layers detected were predominantly composed of todorokite (Tod, MnO·H2O)
and birnessite (Brn) and a variety of non-crystalline iron oxyhydroxides. Sedimentary Mn-enrichment,
near the Shimmering active mound, can be tentatively attributed to the transport of Mn oxides via
slumping processes [29,30].

The presence of birnessite was also confirmed in another sample near the Shimmering mound,
GC-682-B-155, with the highest Eh being 339 mV. Both cores were in the Shimmering mound area,
which is an actively venting low-temperature mound topped with low-temperature hydrothermal
deposits [31,32]. Precipitation of Mn-oxide phases has important implications on the geochemical
budgets of many other metals in solution, due to its potential to scavenge metals from solution [33,34].

3.4. Overview of Mineral Distribution in Sediment Cores at the TAG Field

The main mineral fractions identified in the analyzed deep-sea sediment samples, carbonated in
either of the hydrothermally active cores from the TAG field, are listed in the Table 2.

Table 2. Identified mineral phases in the analyzed TAG-sediment samples.

Mineral Abbreviation * 2θ (◦) h k l Formula Relative
Content #

Albite Alb 27.88
22.03

0 0 2
−2 0 1 NaAlSi3O8 1–5

Anorthite An 27.34
31.64

−2 2 0
132 CaAl2Si2O8 5–10

Aragonite Arg 26.23 1 1 1 CaCO3 1–5

Augite Aug 29.86 −2 2 1 (Ca,Mg,Fe)2Si2O6 1–5

Birnessite Brn ** 12.49 0 0 1 (NaCaK)0.6Mn2O4·1.5H2O 1–5

Calcite Cal 29.42
39.43

1 0 4
1 1 3 CaCO3 40–45

Chalcopyrite Ccp
29.40
49.06
57.87

1 1 2
204

3 1 2
CuFeS2 15–20

Clinochlore Clc 7.11
12.43

0 0 2
0 0 2 Mg5Al(AlSi3O10)(OH)8 1–5

Covellite Cv 31.87 1 0 3 CuS 1–5

Forsterite Fo 36.50 1 1 2 Mg2SiO4 1–5

Goethite Gt 21.27 1 0 1 FeO(OH) 55–60
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Table 2. Cont.

Mineral Abbreviation * 2θ (◦) h k l Formula Relative
Content #

Hematite Hem 33.20
54.15

1 0 4
1 1 6 Fe2O3 5–10

Illite Ilt 8.83
26.66

0 0 2
006 K,Na,Mg,Fe,Al,Si,O·H20 1–5

Kaolinite Kln 12.37 0 0 2 Al2Si2O5(OH)4 1–5

Magnetite Mag 35.58 3 1 1 Fe3O4 1–5

Montmorillonite Mnt 5.89
19.84

0 0 1
1 0 1 Na0.3(Al,Mg)2Si4O10(OH)2·H2O 10–15

Nontronite Nnt ** 9.21
19.80

0 0 1
1 0 0 Na0.3Fe2(Si,Al)4O10(OH)2·H2O 20–25

Olivine Ol 36.45 1 1 2 (Mg,Fe)2SiO4 1–5

Paratacamite Ptc ** 16.27 0 2 1 (Cu,Zn)2(OH)3Cl 1–5

Pyrite Py 56.35
33.09

3 1 1
2 0 0 FeS2 20–25

Quartz Qtz 26.66 0 1 1 SiO2 40–45

Saponite Sap 5.62
26.42

0 0 1
0 0 5 Na0.33Mg3(Al0.33Si3.67)O10(OH)2 1–5

Sepiolite Sep 7.36
26.66

1 1 0
0 8 0 (Mg,Fe)4Si6O15(OH)2·6H20 1–5

Sphalerite Sp 28.66 1 1 1 ZnS 1–5

Todorokite Tod ** 9.08 1 0 0 MnO·H2O 1–5

* Abbreviation for names of rock-forming minerals [35]; ** International Mineralogical Association (IMA)
abbreviations; # Relative content in all studied sediment samples (expressed as a range in %).

From the overall listed minerals, calcite, goethite and quartz were identified as major phases
in the majority of the analyzed sediment samples from the TAG field. Besides iron oxides such
as hematite (Fe2O3), other minerals were detected as well including iron sulfides such as pyrite
(FeS2) and Cu-bearing minerals, some of which have potential economic value such as chalcopyrite
(CuFeS2). In a deep-sea sediment sample in Central area (GC-644/B-95), the mineral covellite (CuS), was
identified. On the other hand, in a sample near the MIR zone (GC-702/A-20), the mineral paratacamite
((Cu,Zn)2(OH)3Cl) was detected. Hence, sulfides (Ccp, Py), silicates (Qtz) and filossillicates (Nnt)
collected from different zones of the TAG hydrothermal field were the most abundant groups of
minerals among the analyzed samples.

4. Conclusions

In this study, we elaborated on the ability of XRD studies to produce results fast enough to
contribute to the development of research cruises at sea. The optimized method of sequential extraction
with acetate buffer (pH 5.0) allowed the mineralogy to be efficiently determined in carbonated sediment
samples. This may help in deciding how much work should be dedicated to each sediment core as
a function of its lightness, which will be a measure of the carbonate abundance in samples. Thus,
within 20 h it was possible to analyze a batch of 24 non-carbonated sediment samples (previously
dried). In cases of carbonated samples, an additional step of buffer treatment was required for detailed
mineralogy (after elimination of carbonates, which depends on the number of buffer iterations),
necessitating an additional time of approximately 18 h/sample batch. Time constraints of highly
carbonated samples should be addressed and studied in more detail in the future.
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