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Depositional patterns constrained
by slope topography changes
on seamounts
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Slope topography is known to control the spatial distribution of deposits on intraplate seamounts;
however, relatively little is known about how slope topography changes constrain those depositional
patterns. In this study, we analyse data on four lithotypes found on seamount slopes, including
colloidal chemical deposits comprising mainly cobalt-rich crusts, and examine the relationships
between the spatial distribution of these lithotypes and current slope topography. We use these
relationships to discuss depositional patterns constrained by slope topography changes. Some
depositional units in drill core samples are interpreted to have resulted from past topographic changes
that created the current slope topography. Two or more types of deposits that accumulated at the
same location implies that the slope topography changed over time and that the depositional patterns
on seamount slopes are constrained by changes in slope topography.

Seamounts are first-order deep-sea morphological elements' and have important oceanographic research value.
Cobalt-rich crust deposits that may contain several strategic metals and thus be considered mineral resources are
widely distributed on seamount slopes®~. Therefore, many scientists have surveyed and explored seamounts since
the 1980s°°, acquiring a large amount of data and knowledge on seamounts. However, some questions, such as
how topographical changes to seamounts constrain depositional patterns on their slopes and how to interpret
depositional sequences in sections of shallow drill samples taken from seamount slopes, remain unanswered.

The Magellan Seamounts in the northwest Pacific Ocean (Fig. 1) are typical intraplate seamounts that were
active during the Late Cretaceous. Afterward, volcanic activity gradually ceased, and erosion reduced the sea-
mounts to underwater structures that were subject to deposition and denudation'®. The Magellan Seamounts
are in a relatively stable tectonic position, which allows for comparatively undisturbed deposition and allows
them to be general study objects for depositional patterns on their slopes. They are large cone-shaped extinct
volcanoes, rising several kilometres above the abyssal seafloor, and most of the seamounts are between several
tens to 100 km in diameter, as shown in Fig. 1. Their flat tops comprise a plateau-shaped summit covered by
pelagic sediments'’. Flanking slopes surround the flat tops with gradients ranging 0°-45°, with an average of
approximately 15° and some slopes as steep as 60°. These slopes are widely covered by several lithotypes, mainly
comprising cobalt-rich crusts and pelagic sediments'?.

Cobalt-rich crusts are black ferromanganese deposits that are attached to substrate rocks®>!'* such as basement
outcrops or solid consolidated bedrock on summit boundaries and flank slopes. The distribution of these deposits
is controlled by the carbonate compensation depth and minimum oxygen zone in the submarine environments,
i.e. depths of 800-3500 m, which lie within the slope region in this study. Pelagic sediments are relatively light
in colour and comprise foraminiferal sand, silt and clay. Transitional zone sediments'* are a further important
lithotype and are discussed in the next section. These unique lithotypes and their patterns differ from those of the
deep-sea basin and continental margin environments'®!’, and therefore warrant their own depositional models.

Many submarine environmental factors might constrain such depositional patterns'®-2%; however, geologic
surveys have demonstrated that topography is one essential factor constraining their spatial distribution on
seamount slopes!>!>2%-3%, Extinct seamounts are in relatively stable tectonic positions; however, they can also
undergo topographic changes such as slope gradient adjustment, large area collapse or landslides on seamount
flanks'*1-3. Although sediments disturbed by seamount topography changes have been observed, relatively

6,9,14

!Key Laboratory of Marine Geology and Metallogeny, First Institute of Oceanography, Ministry of Natural
Resources, Qingdao, China. 2Evaluation and Detection Technology Laboratory of Marine Mineral Resources,
Qingdao National Laboratory for Marine Science and Technology, Qingdao, China. 3Present address: First Institute
of Oceanography, Ministry of Natural Resources, No.6 Xianxialing Road, Laoshan District, Qingdao 266063,
China. ®email: dwendu@fio.org.cn

Scientific Reports |

(2020) 10:20534 | https://doi.org/10.1038/s41598-020-77573-2 natureresearch


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-77573-2&domain=pdf

www.nature.com/scientificreports/

-500m

-1,000m
- -1,500m
-2,000m

-2,500m

-3,000m
- -3,500m
~-4,000m
- -4,500m
-5,000m

~-5,500m

-6,000m
-6,500m

150° E 151°E 152°E 153°E 154°E 155°E 156° E 157°E

60,000m{

40,000m

) Loose sediments
Exposed rock
<& [ layer cobalt-rich crust

: i3 A 2 layers cobalt-rich crust
20,000m > A S Ik A Il 3 layers cobalt-rich crust
4 7z Cobalt-rich crust with

, M tebrccialager
10,000m 30,000m 50,000m 70,000m 90,000m 110,000m

Figure 1. The Magellan Seamounts and locations of geological survey sites on them. (a) The map images are
created using the SRTM30_PLUS". Surveys acquired 205 shallow boreholes, including 82 from seamount MA,
51 from seamount MC, 37 from seamount ME and 35 from seamount MK, together with 20 TV grabs and

161 dredging samples on slopes between 1200 and 3500 m deep. Shallow drill sites are indicated by white dots
shown in (a). Bathymetric data on the four seamounts covering an area of approximately 40,000 km? measured
using the EM122 Multibeam Survey System (Kongsberg, Inc.) by several survey cruises of the COMRA.
Topography image of the seamount ME created using the bathymetric data is shown in (b). The TV video
surveying line covering 18 km and two sizeable landslides on the flank of seamount ME are shown in (b), will be
involved in the following.
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little is known about how changes in slope topography constrain depositional patterns over the geological his-
tory of the seamount.

Over the past 10 years, the China Ocean Mineral Resources Association (COMRA) has conducted several
survey cruises to study the Magellan Seamounts (Fig. 1) and has accumulated a large amount of data that are the
focus of this study (Fig. 1; “Methods” section).

Four lithotypes. Four distinct lithotypes exposed on the seafloor have been identified in this study. (1)
Exposed rock such as volcanic breccias, basalt and consolidated sediments®* are exposed on seafloor and are
not covered by any deposits. (2) Loose sediments are soft and unconsolidated and mainly comprise clay, silt and
foraminiferal sands. These are interpreted as pelagic sediments, and are easily mobilised downslope by gravity
processes®***>%*. (3) Cobalt-rich crusts comprise chemical colloidal deposits enriched in cobalt, phosphorite or
calcium?®”8. These occur as crusts attached to substrate rock surfaces that are relatively stable. (4) Transitional
sediments accumulate on the transition zone separating slopes of different gradients. They are an unconsolidated
mixture of rock debris, breccia, gravel, sand, clay, cobalt-rich crusts and ferromanganese nodules, as previously
described by Yamazaki and Sharma'®. Compared with loose sediments, transitional zone deposits experience a
lower degree of mobilisation on seamount slopes. Similar observations have been presented by Yeo et al.”>. All
the lithotypes in this study are shown in Fig. 2. Except for exposed rock, each lithotype is a distinctive deposi-
tional facies.

Although the loose sediments on the flat tops of seamounts are similar to pelagic sediments everywhere,
transitional zone sediments and cobalt-rich crusts on seamount slopes have distinct depositional patterns when
compared with deep-sea basin and continental margin sediments. Additionally, the spatial distribution of the
loose sediments, the transitional zone sediments and cobalt-rich crusts on seamount slopes are mainly con-
strained by seamount topography (i.e. slope gradient is a key factor).

Results and discussion

Slope gradients of lithotypes. The datasets involved in this study were obtained by geological sampling
(e.g. shallow drilling and TV grabs) from 225 geological survey sites (Fig. l1a). Each dataset of the four litho-
types—loose sediments, transitional zone sediments, cobalt-rich crusts and exposed rock, includes information
on the depth and slope gradient of the survey sites (Fig. 3). As shown in Fig. 3, loose sediments are generally
confined to gentle slopes, whereas exposed rock and cobalt-rich crusts are preferentially distributed on steeper
slopes and transitional zone sediments tend to appear on slopes with gradients between those characteristic of
loose sediments and cobalt-rich crusts.

Similar observations can be found in the literature, and previous studies have identified slope topography’s
role in controlling the spatial distribution of depositional patterns on seamount slopes. For instance, cobalt-rich
crusts commonly form ring-shaped deposits on upper seamount slopes and along the periphery of the summit'2.
This contrasts with the flat tops and sharp escarpments of underwater seamounts, where the slope is less favour-
able for accumulating such deposits®. Typical seamount slopes can be divided into three zones: one dominated
by nodules which are referred to one of the components of the transitional zone sediments here, with a gradi-
ent of up to 4°, one dominated by sediments with gradients of up to a 3°, and one with cobalt-rich crusts with
gradients of up to 15°"°. Shallow profilers and TV video have been used to delineate the upper boundaries for
cobalt-rich crust deposition?”*. This is in addition to studies using shallow drilling and TV video to identify how
micro-topography controls cobalt-rich crust enrichment®. Slopes greater than 20° are not suitable for growing
cobalt-rich crusts®. However, slopes with cobalt-rich crusts all have gradients greater than 4° and slopes with
loose sediment are all less than 4°%°.

Deviations exist between different observations that could be caused by measurement error and cumulative
influence of bottom flow, as elucidated by Stow et al.>; however, these observations consistently imply that cur-
rent slope gradient controls the spatial distribution of lithotypes on slopes. Additionally, exposed rock carries
other geological implications that will be explored in the next section.

Intense slope topography changes and the depositional record.  Huge slope collapses or landslides
on the flank of seamount ME described by Smoot and King* are typical topographic changes observed on
seamounts around the world, and these events can be identified by several features*!. The survey data shown in
Table 1 provide a basis for evaluating landslide influence on slope depositions. Two drag samples (D04 and D05)
and a shallow drilling sample (ME9) were taken from the body of landslide 1, as shown in Fig. 1b. Sample D04
comprises volcanic breccia with a manganese film, sample D05 consists of volcanic breccia and ME9 contains
basalt without chemical encrustation. Two other drag samples (D06 and D07) and a shallow drilling sample
(ME38) were taken from landslide 2, as shown in Fig. 1b. Sample D06 comprises volcanic breccia, sample D07
consists of limestone and ME38 contains volcanic breccia without chemical encrustation. The data reveals that
besides residual slope depositions, the lithotypes underlying the landslides are primarily exposed rocks.

Intense topographical changes on the slope, such as landslides, slope collapse and volcanic activity (which
ceased in the Late Cretaceous in this case) on intraplate seamounts'®*?, play a role in clearing deposits from
seamount slopes and burying old deposits on slopes®. After past deposits have been removed, the seamount
flank would consist exposed rock and would eventually experience build-up of new deposits.

Obviously, slope topography changes induced by either sudden collapse or gentle adjustments in slope gra-
dient can influence deposition on the slope. For instance, landslides remove material from the slope in their
proximal part and cover or disturb deposits in their distal part. When slopes undergo gentle adjustments in gra-
dient, they become steeper, promoting growth of cobalt-rich crusts, or become gentler, inhibiting such growth.
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Figure 2. Four lithotypes on the slope of seamount ME. (a) Topography image of the southeast corner of the
seamount ME and the 18 km-long TV video surveying line on it are also shown in Fig. 1b. (b) Representative
images of the thousands of seafloor photos taken documenting the three lithotypes, i.e. loose sediments,
transitional zone depositions and cobalt-rich crust. The video window is approximately 3 m x5 m. The fourth
lithotype in this study was exposed rock acquired by shallow drill at sampling site ME43.

Therefore, this observation can be used as a basis to explore interactions between changes in seamount topog-
raphy and deposition on seamount slopes in the geologic record.

A stratigraphic record of slope topography changes. A core was obtained from the shallow bore-
hole site labelled MEOI in Fig. 2a. Its section image is shown on the right side of Fig. 4a. In this sample, there is
an approximately 5 cm thick consolidated intercalation of breccia, debris, ferromanganese nodules and gravel
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Figure 3. Relationships between slope gradients and types of lithotypes on the seamounts. (a) The sample sites
are distributed mainly in 3300 m to 1500 m below sea level; the dashed vertical line represents the potential
gradient threshold value of 4.8°. (b) 4.8°+1.2° is the potential threshold value range to control the distribution
of loose sediments, transitional zone sediments, and consolidated units (cobalt-rich crust and exposed rock)
respectively. Exposed rock samples, their number is 31, are on the slopes, with range of 15.1°-43.7°, and mean
of 24.4° gradients; Cobalt-rich crust samples, their number is 132, are on the slopes, with range of 3.4°-37.3°,
and mean of 13.9° gradients; Transitional zone depositions, their number is 20, are on the slopes, with range

of 3.6°-6.0°, and mean of 4.0° gradients; Loose sediments, their number is 42, are on the slopes, with range of
0.4°-5.5°, and mean of 3.1° gradients.

Slope gradient Crust thickness

Location | Depth (m) | (°) Substrate rock (mm) Lithotypes Landslide

Do5 2100 283 Volcanic breccia 0 Exposed rock On

D04 3074 22.6 Volcanic breccia | <1 Exposed rock On
%;lr;dsllll;)ie 1 ME09 2351 36.2 Basalt 0 Exposed rock On

ME40 1563 5.6 Limestone 100 Cobalt-rich crusts | Peripheral to

MEO08 1659 3.1 Limestone 60 Cobalt-rich crusts | Peripheral to

ME38 3040 16.9 Volcanic breccia 0 Exposed rock on

D06 1967 27.6 Volcanic breccia 0 Exposed rock on
%Fair:g(.:lsllti)c)ie 2 Do7 2100 21.1 Limestone 0 Exposed rock on

ME03 1623 43 Limestone 80 Cobalt-rich crusts | Peripheral

ME37 1564 83 Limestone 90 Cobalt-rich crusts | Peripheral

Table 1. Survey samples on or next to the landslides shown in Fig. 4 and their characteristics.

between the upper section of cobalt-rich crust and the substrate rock (i.e. lithified foraminiferal limestone).
Mel'nikov et al.*® referred to this intercalation as buried ferromanganese nodules. In our work, we refer to this
intercalation as the breccia layer between cobalt-rich crust and substrate rock. Twenty-four of the 205 drilling
samples from the Magellan Seamounts, including six from seamount ME shown in Fig. 1b, have a breccia layer
similar to MEO1. Most importantly, those breccia layers have the same composition as transitional zone sedi-
ments and are 3-30 cm thick. Thus, we interpret the breccia layer as being buried transitional zone sediments.
The stratigraphic relationship of cobalt-rich crust, which prefers larger gradient slopes, accumulated on tran-
sitional zone sediments, which prefer transitional gradient slopes (Fig. 3), observed in one drill core, suggests
that the seamount slope topography has experienced adjustment over its geological history. The lack of loose
sediments in the drill core suggests that if they were initially present, they have been lost due to mobilisation
during the slope adjustment that resulted in the stratigraphic formation of cobalt-rich crust and transitional
zone sediments.

Stratigraphic chronology and records of slope changes in cobalt-rich crusts. There are layered
structures in the cobalt-rich crust sections, e.g. layers III, II, 12 and I1 in Fig. 4c—e. Each layer has distinct
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Figure 4. (a) The left panel shows seafloor images from the TV video survey line shown in Fig. 2a. The right
panel is a sample section from a drill core at site MEQ1 (Fig. 2a), with cobalt-rich crust, a breccia layer and
substrate rock appearing from top to bottom. The cobalt-rich crust and breccia layer are approximately 25 and
50 mm thick, respectively. The top two layers in the section appear to be accumulated by transitional zone
sediments and cobalt-rich crust, which are shown in left images. Other sections of shallow drill cores are shown
in (b-f) and will be discussed in the following section.
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Dating by growth rate and thickness of cobalt-rich crust** Dating by cobalt-rich layers*>

Seamount | Sample numbers* | Co (%) | Growth rate (mm/Myr) | Crustlayer | Age (Myr) | Stratigraphic chronology

MA 32 0.51 4.7 1II 1.0-5.0 Pliocene—quaternary

MC 18 0.52 4.6 11 6.0-23.0 Miocene

ME 55 0.50 4.9 12 24.0-48.0 | Oligocene, upper-middle Eocene
MK 78 0.51 4.7 11 48.0-53.0 Low Eocene-upper palacocene
Total 183 0.51 4.7 R 65.0 Upper Maestrichtian

Table 2. Stratigraphic chronology of cobalt-rich crusts on the Magellan Seamounts. *Samples obtained
through drilling shallow boreholes and dredging, whole rock analysis by absorption spectrometry. **Estimated
by the formula of Puteanus and Halbach®. ***According to Melnikov and Pletnev®’.
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Figure 5. Extinct seamount evolution. (a) Seamount structure and depositions on its slopes. (b) Slope
topography changed, and the depositional patterns adjusted accordingly. Gentle slope topography changes
could be caused by unequal subsidence and plastic flow of rocks overlying the basement moving down slope.
(c) Plastic flow of limestone on the slope shown in Fig. 2a. (d) Micro-deformation structures in the section of
cobalt-rich crust overlying limestone that could be caused by plastic flow.

textural features and stratigraphic chronology**. Several previous studies of stratigraphic chronology, such as
isotope stratigraphy**°, cobalt concentration*, a composite geochemical approach* and cobalt-rich crust
stratigraphy*®=°, could be used to date cobalt-rich crusts on seamount slopes. Cobalt concentrations and the
stratigraphy of cobalt-rich crusts are used together in the following discussion (Table 2). The average growth rate
of the cobalt-rich crusts on the Magellan Seamounts slopes, which could be used to estimate the geological age
of cobalt-rich crusts with known thicknesses, is approximately 4.7 mm/Myr. For instance, the cobalt-rich crust
in sample MEO1 is about 25 mm thick and belongs to layer III and thus is estimated that it began growing up to
5.3 Myr during the Pliocene.

The slopes where the drill cores shown in Fig. 4b,c were obtained underwent a gentle slope adjustment, going
from a gentle slope to larger gradient slope. By contrast, the slopes where the drill cores shown in Fig. 5d,e were
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obtained underwent sudden slope collapse, becoming steep and providing clear earlier deposits for the growth
of subsequent cobalt-rich crusts. The slope where the drill core shown in Fig. 4b is located maintained a tran-
sitional zone slope topography for long time (approximately 5 Myr) and underwent deposition of transitional
zone sediments that have since been consolidated. The slope where the drill cores shown in Fig. 4c are located
is similar to that of MEO1 and underwent a sequential slope gradient adjustment allowing deposition of transi-
tional zone sediments and cobalt-rich crust. The slope where ME10 is located (Fig. 4¢) underwent sudden slope
collapse, forming a steep slope for long term (approximately 53 Myr), for Layers IIL, II, 12 and I1 to deposit on.
The slope where ME43 sits (Fig. 4f) was deformed to an 18.9° gradient slope. This slope is too steep for loose
sediments and transitional zone sediments to deposit on and was exposed to the seafloor too recently to allow
ferromanganese film deposit.

Seamount evolution and slope topography changes. The seamounts underwent several volcanic
eruptions before reaching the extinct stage, causing different rock compositions to stack layer by layer, which
generally formed the current seamount topography (Fig. 5). It suggested that the first stage layers consist mainly
of basalts and that the second stage layers are made up of basalt and 20% volcaniclastics®. Volcaniclastics are
the dominant rock types® in the third stage, accounting for more than 60% and are deposited on flanks in the
last stage'®. When seamounts entered the extinct stage, subsidence due to the load of the seamounts themselves
became the dominant vertical force™. For instance, the island of Hawaii has a subsidence rate of 2.6 mm/year>*>>.
When the seamounts subsided below sea level, biogenic limestone began being deposited during the Cretaceous
(Aptian-Cenomanian), which continued for a long time. This limestone is 470-800 m thick and is mainly dis-
tributed between 800 and 2500 m deep*® (Fig. 5). Over time, seamount surfaces became encrusted with chemical
colloid depositions, mainly cobalt-rich crusts. Meanwhile, pelagic sediments (referred to as loose sediments)
were deposited on the slopes and mainly on the flat tops of summits (Fig. 5a).

Intrusive activities on seamounts are demonstrably major factors in their evolution, leading to slope col-
lapse on seamount flanks'® and topography adjustment in slope gradients caused by plastic deformation®-*° or
seamount subsidence.

We suggest that limestone on seamount slopes, especially on the summit boundaries (e.g. sites where the
six cores containing breccia layers were collected on seamount ME shown in Fig. 1b) underwent plastic flow
as described in previous studies®” . Limestone had been moving down the slope under the pull of gravity at a
very slow speed, e.g. 0.1 mm/year (the speed will be discussed in next paragraph). When plastic flow occurred,
the limestone and overlying deposits (i.e. transitional zone sediments and cobalt-rich crusts) moved down the
slope together, and some micro-deformation structures would be formed in the overlying rocks®’. The micro-
deformation structures in a cobalt-rich crust shown in Fig. 5d could be evidence of plastic flow. When the plastic
flow moved to a different part of the slope, the gradient was altered accordingly.

As suggested by Fig. 5¢, before 5 Myr, the limestone rock with overlying transitional zone sediments under-
went plastic flow downslope from site Pic3 to site MEO1 over a long period (up to 5 Myr), and the slope changed
from a transitional gradient (a = 4.8°£1.2°) to a steeper gradient (a>4.8 +1.2°) accordingly, with cobalt-rich crust
deposits overlaying the transitional zone sediments. The distance between sites Pic3 and MEO1 is approximately
500 m; therefore, if the plastic flow took 5 Myr, then the plastic flow velocity can be estimated to be 0.1 mm/year.

Another factor involved in slope gradient changes could be unequal subsidence between different rock com-
position layers (right panel of Fig. 5a).

When collapse occurs on the flanks, previous deposits would be either cleared or covered, and bare rocks
would be exposed to the seafloor, allowing subsequent deposition to develop. On steep slopes, old landslides
deposited thicker cobalt-rich crusts (left panel in Fig. 5b) and later landslides deposited thin cobalt-rich crusts
or exposed bare rocks to the seafloor without overlying deposits (right panel in Fig. 5b).

Model for depositional patterns constrained by topography changes.

(1) Seamounts need to have gentle slopes to promote loose sediment deposition (referred to as gentle slope for
loose sediments). Two types of deposit (i.e. loose biogenic particles and ferromanganese chemical colloids)
are well preserved on gentle slopes or on the flat tops of seamounts with gradients less than the threshold
value (a <a,). Loose biogenic particles are generally larger and are more matter flux, whereas ferromanga-
nese chemical colloids are smaller and less matter flux. Therefore, these two types of sediment deposited
on the gentle slopes together, with the former dominating the latter, and the depositional pattern presents
as loose sediments (Fig. 6a).

(2) When slope gradients achieve a threshold value (a = a), transition zone slope development, in which tran-
sitional zone sediments are deposited (referred to as transition zone slope for transitional zone sediments)
can occur. Loose particles would be subject to higher rates of mobilisation and could be lost. By contrast,
breccias, ferromanganese nodules and gravels that exhibit less tendency for mobilisation would remain
on the slope. If the slope maintained this topography for a long time, the breccias and nodules would
consolidate through some type of cementation (e.g. carbonate cementation), at which point transitional
zone sediments would be preserved in the stratigraphic column. However, if slopes increase over time,
transitional zone sediments do not have enough time to consolidate and will be removed. This pattern is
shown in Fig. 6b.

(3) Slopes with larger gradients (a>a,) promote deposition of cobalt-rich crust (referred to as larger gradient
slope for cobalt-rich crust). Larger gradient slopes encourage the loss of loose sediments as their sliding
friction is not enough to resist the pull of gravity. This exposes stable substrates, promoting chemical col-
loid deposition, mainly cobalt-rich crusts. This pattern is shown in Fig. 6c.
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Figure 6. Deposition patterns constrained by changes to seamount slope topography.

(4) Intense slope topography collapses such as those resulting from landslides, slope collapse and volcanic
activity could reset seamount slopes (referred to as slope resetting for new depositions). This includes the
removal or burial of prior deposits followed by deposition of new sediments. This pattern is shown in
Fig. 6d.

(5) The above scenarios are various static slope deposition patterns that can occur in different orders and
combinations on a single slope over its geological history. Thus, the depositional patterns constrained by
changes in topography would be explained by a combination of these scenarios. This model could be used
to explain the depositional sequences observed in sections of samples taken from seamount slopes.

Several applications of the models.

(1)  Slope topography has changed over time at the location of MEO1. The section from sample MEO1 shown in
Fig. 4a has three stratigraphic layers, namely, an overlying cobalt-rich crust, a breccia layer and an under-
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lying substrate rock layer. The cobalt-rich crust in layer III is 25 mm thick, suggesting that its formation
began in the Pliocene. We thus speculate that the following process occurred. Approximately 5.3 Ma, the
slope where MEO1 is in Fig. 2a was a gentle slope or flat top seamount covered with loose sediments (gentle
slope for loose sediments). The slope then changed from a gentle slope to a transition zone slope, which was
accompanied by the loss of most of the finer grained components, lithification of larger particles and breccia
rocks through chemical colloid deposition and burial of transitional sediments as the breccia layer (transi-
tion zone slope for transitional zone sediments). Lastly, the slope gradient continued to increase, resulting
in deposition of a cobalt-rich crust (larger gradient slope for cobalt-rich crust). These processes are shown
in Fig. 6f.

(2)  Explanation of some sections in core samples Additional processes such as larger gradient slope for cobalt-
rich crust => gentle slope for loose sediments shown in Fig. 6e could explain hidden cobalt-rich crusts under
loose sediment, and larger gradient slope for cobalt-rich crust=> gentle slope for loose sediments=> larger
gradient slope for cobalt-rich crust might provide an alternative explanation for the interrupted growth of
crusts found by Klemm et al.%' and Meng et al.%.

When slope topography changes occurred, the uppermost deposits might also change and be preserved within
seamount slope stratigraphic records. Therefore, stratigraphic information obtained through drill cores might
provide evidence of the geological history of slope changes. The models shown in Fig. 6 could thus be used to
interpret sections of drill cores from slopes on all intraplate seamounts, including guyots and spire seamounts.

Methods
Positioning methods. A combination of on-board GPS and underwater acoustic positioning techniques
allowed for a spatial resolution of relative position of up to 5 m.

Bathymetry surveying and data processing. Bathymetric data were collected using an EM122 (Kongs-
berg, Inc.), a multibeam survey system that generates data that enables the production of wide-swath contour
maps of the seafloor. Bathymetric data for all survey lines were processed manually on-board using Seafloor
Information System software version 3.6. Post-processing consisted of editing the cross-track and navigation
data (including the deletion of bad data, correction of position, etc.), leading to the creation of grid data. A
100x 100 m grid size was selected because the raw data’s horizontal resolution was approximately 45-75 m,
depending on the interval water depth of the studied region (1500 to 2500 m). The accuracy of the raw depth
data is 3.0-5.0 m based on the following equation: depth accuracy=depth x 0.2%.

Estimating slope gradients. A total of nine adjacent 100 m x 100 m grids are used to estimate the slope
gradient of the sampling stations, which fall into the central grid using a 3 x 3 difference operator. This slope
gradient value is simply the estimated value of the background slope in a 200 m x 200 m range of the sampling
station.

Slope gradient estimated error from surveying data. Assuming a slope gradient value of 4.8° and
a depth error of approximately +4.2 m for depths of two locations separated by a horizontal distance of 200 m,
the surveying data would yield an estimated error range of approximately 4.8°+1.2°, which is consistent with
Fig. 3b.

Seafloor TV video. The seafloor TV video technology constructed by COMRA was used to obtain images
of the seafloor along a 15 km survey line along the southeast corner of seamount ME. The video camera was
situated around 3-5 m from the seafloor and the video focus window on the seafloor is approximately 3 m x5 m.

Cobalt growth rate. Cobalt concentration analysis was conducted using absorption spectrometry. Thus,
the age and growth rate of each cobalt-rich crust layer can be recalculated using the following formula: growth
rate (mm/Myr) = 1.28/[Co (%) — 0.24]*. Related data are shown in Table 2.

Drilling shallow borehole samples. The shallow boreholes were drilled using submersible rigs con-
structed by COMRA. Samples were obtained from 205 stations the distribution of sampling sites is shown in
Fig. 1. Core sizes are 300-1000 mm long and 50 mm in diameter. Core samples were classified, and the thickness
of their crusts was measured in the laboratory. Statistical parameters of the data are shown in Fig. 3.

Section images of cores. Sample cores were divided into two parts with a chainsaw and then polished and
cleaned with fine sandpaper. Section images were captured using a digital camera. The image of microdeforma-
tion structure in cobalt-rich crust is taken with a Zeiss microscope (Axioskop 40).

Data availability

The authors declare that the main data supporting the findings of this study are contained within the paper and
are available in the Mendeley data (http://doi.org/10.17632/g83593d5jc.3). All other relevant data are available
from authors upon reasonable request.

Scientific Reports |

(2020) 10:20534 | https://doi.org/10.1038/s41598-020-77573-2 nature research


http://doi.org/10.17632/g83593d5jc.3

www.nature.com/scientificreports/

Received: 22 June 2020; Accepted: 12 November 2020
Published online: 25 November 2020

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

Staudigel, H., Koppers, A. A. P, Lavelle, ]. W,, Pitcher, T. . & Shank, T. M. Defining the word “seamount”. Oceanography 23, 20-21
(2010).

. Hein, J. R. et al. Iron and manganese oxide mineralization in the pacific. Geol. Soc. Lond. Spl. Publ. 119, 123-138 (1997).
. Verlaan, P. A,, Cronan, D. S. & Morgan, C. L. A comparative analysis of compositional variations in and between marine ferro-

manganese nodules and crusts in the south pacific and their environmental controls. Prog. Oceanogr. 63, 125-158 (2004).

. Konopleva, E. V. et al. Occurrence modes of gold and platinum in ferromanganese crusts of the Magellan Seamounts (Pacific

QOcean). Dok. Earth Ences. 397, 732-735 (2004).

. Hein, ], Conrad, T. & Staudigel, H. Seamount mineral deposits: a source of rare metals for high-technology industries. Oceanog-

raphy 23, 184-189 (2010).

. Halbach, P. & Puteanus, D. The influence of the carbonate dissolution rate on the growth and composition of Co-rich ferroman-

ganese crusts from the Central Pacific seamount areas. Earth Planet. Sci. Lett. 68, 73-87 (1984).

. Aplin, A. C. & Cronan, D. S. Ferromanganese oxide deposits from the Central Pacific Ocean I: crusts from the Line Island Archi-

pelago. Geochim. Cosmochim. Acta 49, 427-436 (1985).

. Hein, J. R., Manheim, F. T., Schwab, W. C. & Davis, A. S. Ferromanganese crusts from Necker Ridge, horizon guyot and s.p. lee

guyot: geological considerations. Mar. Geol. 69, 25-54 (1985).

. Halbach, P. Cobalt-rich and platinum-bearing manganese crustsnature, occurrence and formation. Honolulu. Workshop on Marine

Minerals of the Pacific. East-West Center (1985).

Staudigel, H. & Clague, D. The geological history of deep-sea volcanoes: biosphere, hydrosphere, and lithosphere interactions.
Oceanography 23, 58-71 (2010).

Lee, T. G., Hein, J. R,, Lee, K., Moon, J. & Ko, Y. Sub-seafloor acoustic characterization of seamounts nerar the ogasawara fracture
zone in the western pacific uding chirp (3-7kHz) subbotton profiles. Deep Sea Res. I 52, 1932-1956 (2005).

Novikov, G. V., Mel'nikov, M. E., Bogdanova, O. Y. & Vikentev, I. V. Nature of co-bearing ferromanganese crusts of the Magellan
Seamounts (Pacific Ocean): communication 1. Geology, mineralogy, and geochemistry. Lithol. Miner. Resour. 49, 1-22 (2014).
SRTM30_PLUS: SRTM30, coastal & ridge multibeam, estimated, topography. V11. https://topex.ucsd.edu/WWW _html/srtm3
0_plus.html. Accessed 1 Jan 2019 (2014)

Cronan, D. S. & Tooms, J. S. The geochemistry of Mn. Nodules and associate pelagic deposits from the Pacific and Indian Oceans.
Deep SEA Resour. 16, 335-359 (1969).

Yamazaki, T. & Sharma, R. Distribution characteristics of co-rich manganese deposits on a seamount in the central Pacific Ocean.
Mar. Georesour. Geotechnol. 16, 283-305 (1998).

Stow, D. A. V., Faugeres, J. C., Howe, J. A, Pudsey, C. ]. & Viana, A. R. Bottom currents, contourites and deep-sea sediment drifts:
current state-of-the-art. Geol. Soc. Lond. Mem. 22, 7-20. https://doi.org/10.1144/GSL.MEM.2002.022.01.02 (2002).

Stow, D. A. V. & Faugeres, J. C. Contourite facies and the facies model. In Contourites (eds Rebesco, M. & Camerlenghi, A.) 223-256
(Elsevier, Amsterdam, 2008).

Halbach, P. & Puteanus, D. The influence of the carbonate dissolution rate on the growth and composition of co-rich ferroman-
ganese crusts from central pacific seamount areas. Earth Planet. Sci. Lett. 68, 73-87 (1984).

Konter, J. G. et al. Geochemical stages at jasper seamount and the origin of intraplate volcanoes. Geochem. Geophys. Geosyst. https
://doi.org/10.1029/2008GC002236 (2013).

Koschinsky, A., Stascheit, A., Bau, M. & Halbach, P. Effects of phosphatization on the geochemical and mineralogical composition
of marine ferromanganese crusts. Geochim. Cosmochim. Acta 61, 4079-4094 (1997).

Livermore, R., Hillenbrand, C. D., Meredith, M. & Eagles, G. Drake passage and cenozoic climate: an open and shut case?. Geochem.
Geophys. Geosyst. https://doi.org/10.1029/2005GC001224 (2007).

Ren, X., Liu, J., Shi, X, Cui, Y. & Lin, X. Genesis and ore-forming stages of co-rich ferromanganese crusts from seamount m of
Magellan Seamounts: evidence from geochemistry and co chronology. Mar. Geol. Quat. Geol. 31, 65-74 (2012).

Stow, D. A. V. et al. Bedform-velocity matrix: the estimation of bottom current velocity from bedform observations. Geology 37,
327-330 (2009).

Usui, A. & Someya, M. Distribution and composition of marine hydrogenetic and hydrothermal manganese deposits in the
northwest Pacific. Geol. Soc. Lond. Spl. Publ. 119, 177-198. https://doi.org/10.1144/GSL.SP.1997.119.01.12 (1997).

Yeo, I. A. et al. Distribution of and hydrographic controls on ferromanganese crusts: tropic Seamount. Atlantic. Ore Geol. Rev.
https://doi.org/10.1016/j.oregeorev.2019.103131 (2019).

Chu, F et al. Classification of seamount morphology and its evaluating significance of ferromanganese crust in the central pacific
ocean. Acta Oceanol. Sin. 25, 63-70 (2006).

He, G, Liang, D. H., Song, C. B., Shui-Gen, W. U. & Zhou, J. P. Determining the distribution boundary of cobalt-rich crusts of guyot
by synchronous application of sub-bottom profiling and deep-sea video recording. Earth Sci. J. China Univ. Geosci. 30, 509-512
(2005).

Xu, J. et al. Research of seamount microtopography based on acoustic deep tow system investigation: a case from the Marcus-Wake
Ridge area. J. Mar. Sci. 29, 17-24 (2011).

Zhang, E Y., Zhang, W., Zhu, K., Zhang, H. & Xiaoyu, Z. Distribution characteristics of cobalt-rich ferromanganese crust resources
on submarine seamounts in the western Pacific. Acta Geol. Sin. 82, 796-803 (2008).

Du, D. et al. An integrated method for the quantitative evaluation of mineral resources of cobalt-rich crusts on seamounts. Ore
Geol. Rev. 84, 174-184. https://doi.org/10.1016/j.oregeorev.2017.01.011 (2017).

Masson, D., Wynn, R. & Talling, P. Large landslides on passive continental margins: processes, hypotheses and outstanding ques-
tions. In Submarine Mass Movements and Their Consequences, Advances in Natural and Technological Hazards Research (eds Mosher,
D. C. et al.) 153-165 (Springer, Cham, 2010).

Hithnerbach, V. & Masson, D. G. Landslides in the North Atlantic and its adjacent seas: an analysis of their morphology, setting
and behaviour. Mar. Geol. 213, 343-362. https://doi.org/10.1016/j.margeo.2004.10.013 (2004).

Palomino, D., Gonzalez, F. & Rengel, J. Geomorphological features in the southern Canary Island volcanic Province: the importance
of volcanic processes and massive slope instabilities associated with seamounts. Geomorphology 255, 125-139 (2016).

Pletnev, S. P. Main types of Aptian-Cenomanian sedimentary rocks on guyots of the Magellan mountains, Pacific Ocean. Russ. J.
Pac. Geol. 13, 436-445. https://doi.org/10.1134/S1819714019050087 (2019).

Kvalstad, T. ]. et al. The Storegga slide: evaluation of triggering sources and slide mechanics. Mar. Petrol. Geol. 22, 245-256 (2005).
Joo, J. et al. Characterizing geomorphological properties of western Pacific seamounts for cobalt-rich ferromanganese crust resource
assessment. Econ. Environ. Geol. 49, 121-134. https://doi.org/10.9719/EEG.2016.49.2.121 (2016).

Dekov, V. M. et al. Metalliferous sediments from Eolo Seamount (Tyrrhenian sea): hydrothermal deposition and re-deposition in
a zone of oxygen depletion. Chem. Geol. 264, 347-363 (2009).

Hein, J. R. et al. Two major Cenozoic episodes of phosphogenesis recorded in equatorial pacific seamount deposits. Paleoceanog-
raphy 8,293-311 (1993).

Scientific Reports |

(2020) 10:20534 | https://doi.org/10.1038/s41598-020-77573-2 natureresearch


https://topex.ucsd.edu/WWW_html/srtm30_plus.html
https://topex.ucsd.edu/WWW_html/srtm30_plus.html
https://doi.org/10.1144/GSL.MEM.2002.022.01.02
https://doi.org/10.1029/2008GC002236
https://doi.org/10.1029/2008GC002236
https://doi.org/10.1029/2005GC001224
https://doi.org/10.1144/GSL.SP.1997.119.01.12
https://doi.org/10.1016/j.oregeorev.2019.103131
https://doi.org/10.1016/j.oregeorev.2017.01.011
https://doi.org/10.1016/j.margeo.2004.10.013
https://doi.org/10.1134/S1819714019050087
https://doi.org/10.9719/EEG.2016.49.2.121

www.nature.com/scientificreports/

39. Zhao, B. et al. Sedimentary characteristics based on sub-bottom profiling and the implications for mineralization of cobalt-rich
ferromanganese crusts at Weijia Guyot, western Pacific Ocean. Deep Sea Res. I. https://doi.org/10.1016/j.dsr.2020.103223 (2020).

40. Smoot, N. C. & King, R. E. Three-dimensional secondary surface geomorphology of submarine landslides on northwest pacific
plate guyots. Geomorphology 6, 151-173 (1993).

41. Mitchell, N. C. Susceptibility of mid-ocean ridge volcanic islands and seamounts to large-scale landsliding. J. Geophys. Res. 108,
2397. https://doi.org/10.1029/2002]JB001997 (2003).

42. Melnikov, M. E. & Pletnev, S. P. Age and formation conditions of the co-rich manganese crust on guyots of the Magellan Seamounts.
Lithol. Miner. Resour. 48, 1-13 (2013).

43. Mel'nikov, M. E., Avdonin, V. V,, Pletney, S. P. & Sedysheva, T. E. Buried ferromanganese nodules of the Magellan Seamounts.
Lithol. Miner. Resour. 51, 1-12 (2016).

44. Segl, M. et al. '"Be-dating of a manganese crust from Central North Pacific and implications for oceanic palaeocirculation. Nature
309, 540-543 (1984).

45. Ku, T. L. et al. Constancy of oceanic deposition of '’Be as record in manganese crust. Nature 299, 240-242 (1982).

46. Halbach, P, Segl, M., Puteanus, D. & Mangini, A. Co-fluxes and growth rates in ferromanganese deposits from central pacific
seamount areas. Nature 304, 716-719 (1983).

47. Josso, P. et al. Improving confidence in ferromanganese crust age models: a composite geochemical approach. Chem. Geol. 513,
108-119. https://doi.org/10.1016/j.chemgeo.2019.03.003 (2019).

48. Melnikov, M. E., Pletnev, S. P,, Basov, I. A. & Sedysheva, T. E. New data on the morphology and geological structure of the Gram-
berg Guyot (Magellan Seamounts, pacific ocean). Russ. J. Pac. Geol. 3, 401-410 (2009).

49. Puteanus, D. & Halbach, P. Correlation of Co concentration and growth rate-a method for age determination of ferromanganese
crusts. Chem. Geol. 69, 73-85 (1988).

50. Melnikov, M. & Pulyaeva, I. Ferromanganese crusts of the Marcus Wake rise and Magellan Seamounts in the Pacific: structure,
composition, and age, Tikhookean. Geology 4, 13-27 (1994).

51. Staudigel, H. & Schmincke, H. U. The Pliocene seamount series of la Palma/Canary Islands. J. Geophys. Res. 89, 11195-11215
(1984).

52. Chadwick, W. W.]. et al. Cyclic eruptions and sector collapses at Monowai submarine volcano. Kermadec Arc. Geochem. Geophys.
Geosyst. https://doi.org/10.1029/2008 GC002113 (2008).

53. Watts, A. B. Isostasy and Flexure of the Lithosphere (Cambridge University Press, Cambridge, 2001).

54. Moore, J. G. & Fornari, D. ]. Drowned reefs as indicators of the rate of subsidence of the Island of Hawaii. J. Geol. 92, 752-759
(1984).

55. Moore, J. G., Ingram, B. L., Ludwig, K. R. & Clague, D. A. Coral ages and island subsidence, Hilo drill hole. J. Geophys. Res. 101,
11599-11605 (1996).

56. Pletnev, S. P. Main types of Aptian-Cenomanian sedimentary rocks on guyots of the Magellan mountains, Pacific Ocean. Tik-
hookeanskaya Geol. 38, 45-55 (2019).

57. Suominen, V. Late Precambrian plastic deformation in crystalline limestone in Kumlinge south-west Finland. Bull. Geol. Soc. Finl.
45,49-52 (1973).

58. Speckbacher, R., Behrmann, J. H., Nagel, T. J., Stipp, M. & Devey, C. W. Splitting a continent: insights from submarine high-
resolution mapping of the moresby seamount detachment, offshore papua new guinea. Geology 39, 651-654 (2011).

59. Ebert, A., Herwegh, M., Berger, A. & Pfiffner, A. Grain coarsening maps for polymineralic carbonate mylonites: a calibration based
on data from different Helvetic nappes (Switzerland). Tectonophysics 457, 128-142 (2008).

60. Han, B., Shen, W. Q, Xie, S. Y. & Shao, J. E. Influence of pore pressure on plastic deformation and strength of limestone under
compressive stress. Acta Geotechnol. 14, 535-545. https://doi.org/10.1007/s11440-018-0658-1 (2019).

61. Klemm, V., Levasseur, S., Frank, M., Hein, J. & Halliday, A. Osmium isotope stratigraphy of a marine ferromanganese crust. Earth
Planet. Sci. Lett. 238, 42-48 (2005).

62. Meng, X. W, Liu, Y. G., Qu, W. ]. & Shi, X. Osmium isotope of the Co-rich crust from seamount Allison, central Pacific and its use
for determination of growth hiatus and growth age. Sci. China Ser. D-Earth Sci. 51, 1446-1451 (2008).

Acknowledgements
The study was supported by grants from the National Natural Science Foundation of China (No. 41776076), and
the China Ocean Mineral Resources Association (Nos. DY135-52-2-02 and DY125-13-R-03).

Author contributions

D.D. conceived and wrote the main manuscript. S.Y., Q.S. and Y.C. performed data acquisition and analysis. G.Y.
and ES. wrote the methods and performed data interpretation. Z.Z. and EY. drafted figures. X.S. wrote a part of
the manuscript. All authors revised the manuscript together.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:20534 | https://doi.org/10.1038/s41598-020-77573-2 nature research


https://doi.org/10.1016/j.dsr.2020.103223
https://doi.org/10.1029/2002JB001997
https://doi.org/10.1016/j.chemgeo.2019.03.003
https://doi.org/10.1029/2008GC002113
https://doi.org/10.1007/s11440-018-0658-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Depositional patterns constrained by slope topography changes on seamounts
	Four lithotypes. 
	Results and discussion
	Slope gradients of lithotypes. 
	Intense slope topography changes and the depositional record. 
	A stratigraphic record of slope topography changes. 
	Stratigraphic chronology and records of slope changes in cobalt-rich crusts. 
	Seamount evolution and slope topography changes. 
	Model for depositional patterns constrained by topography changes. 
	Several applications of the models. 


	Methods
	Positioning methods. 
	Bathymetry surveying and data processing. 
	Estimating slope gradients. 
	Slope gradient estimated error from surveying data. 
	Seafloor TV video. 
	Cobalt growth rate. 
	Drilling shallow borehole samples. 
	Section images of cores. 

	References
	Acknowledgements


