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ABSTRACT: The infaunal living clypeasteroid echinoid genus Echinocyamus is considered a model organism for
various ecological and paleontological studies since its distribution ranges from the polar regions to the tropics, and
from shallow-marine settings to the deep-sea. Deep-sea analyses of this genus are rare, but imperative for the
understanding and function of these important ecosystems. During the 2012 Southern Surveyor expedition, 35
seamounts off the east coast of Australia were dredged in depths greater than 800 m. Of these, six dredges contained a
total of 18 deep-sea Echinocyamus tests. The tests have been analyzed for taphonomic alterations including abrasion
patterns, macro-borings, micro-borings, depressions on the test, test staining, test filling, encrustation, and
fragmentation. Findings are interpreted in the context of the deep-sea setting and are compared to Echinocyamus
samples from shallow-water environments. Results show that abrasion in deep-sea environments is generally high,
especially in ambulacral and genital pores indicating that tests can persist for a long time on the seafloor. This
contrasts with shallow-water Echinocyamus that show lower abrasion due to early test destruction. Macro-borings are
present as single or paired holes with straight vertical profiles resembling Lithophaga borings. Micro-borings are
abundant and most likely the result of sponge or fungal activity. Depressions on the tests, such as scars or pits, are
likely the result of trauma or malformation during ontogeny. Test staining is common, but variable, and is associated
with FE/Mn oxidation and authigenic clays based on elemental analyses. Test filling occurs as loose or lithified
sediment. Encrustation is present in the form of rudimentary crusts and biofilms. No macro-organisms were found on
the tests. Biofilm composition differs from shallow-water environments in that organisms captured in the biofilm
reflect aphotic conditions or sedimentation of particles from higher in the water column (e.g., coccoliths).
Fragmentation is restricted to the apical system and pore regions. Results of this first comparative study on deep-sea
Echinocyamus from Australian seamounts show that the minute tests can survive for a long time in these settings and
undergo environmental specific taphonomic processes reflected in various taphonomic alterations.

INTRODUCTION fragmentation of remains is decreased in deep-sea environments as a result
of low water- and sediment agitation. Thus, taphonomic alteration in deep-
sea environments may be higher compared to those of shallow marine
settings.

The Shelf and Slope Experimental Taphonomy Initiative (SSETI)
examined taphonomic rates for a variety of substrates, including carbonate
skeletons, from 15 to 570 m depth (Parsons et al. 1997; Parsons-Hubbard

et al. 2011). In comparing mollusk taphonomy over a 13-year interval

Taphonomic studies on echinoids have focused primarily on readily
accessible shallow-water environments with depths less than 100 m (e.g.,
Kidwell and Baumiller 1990; Greenstein 1991, 1993; Nebelsick 1995;
Dynowski 2012; Grun and Nebelsick 2016; Grun et al. 2017, 2018).
Studies on echinoderms from the deep-sea are rare and mostly focus on
crinoids and other echinoderms (e.g., Ausich 2001; Baumiller 2003;

Gorzelak and Salamon 2013). Little work has been published on deep-sea
echinoids (e.g. Deline and Parsons-Hubbard 2013).

Despite the lack of knowledge on deep-sea taphonomy in echinoids,
taphonomic processes have been shown to be similar to those of the better-
known shallow-marine environments (Walker and Voight 1994). Tapho-
nomic processes in deep-sea environments, their effect on organism
remains, timing and prevalence, however, differ as a result of various
biological constraints and physical-chemical conditions. For example, the
rate of sedimentation, which plays a very important and multi-faceted role
in the taphonomic process (Sexton and Wilson 2009), is generally higher in
shallow-marine environments than in the deep-sea. This can lead to delay
in burial and prolonged exposure on the sea floor and potentially greater
temporal mixing and time averaging of deep assemblages. Transport and
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during the SSETIL, Brett et al. (2011) and Powell et al. (2012) noted
significant differences in taphonomic rates between different habitats
related to near surface pore water chemistry, especially carbonate mineral
saturation levels and redox reactions, and sedimentation rates and
highlighted the value of taphonomic information for environmental
reconstruction. More recent work in the Azores reported analyses of
calcareous epiliths from the intertidal zone to depths of 500 m (Wisshak et
al. 2015) and nautiloid taphonomy was documented to depths below 750 m
(Tomasovych et al. 2017).

Owing to the great value of deep-sea paleoclimate archives, intense work
on deep-sea foraminifers has provided insights into taphonomic effects
(Collen and Burgess 1979; Denne and Sen Gupta 1989; Freiwald 1995;
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FI1G. 1.—Echinocyamus specimen from deep-sea Tasmantid Seamount chain. A) Aboral view. B) Oral view.

Rathburn and Miao 1995; Brown and Elderfield 1996; Alve and Murray
1997; Murray and Alve 1999; Haley et al. 2005; Dawber and Tripati 2012;
Tachikawa et al. 2013), significance as geochemical proxies (Cronblad and
Malmgren 1981; Palmer and Elderfield 1986; Groeneveld et al. 2008;
Sexton and Wilson 2009; Rongstad et al. 2017), and burial regimes of
several hundred meters below the seafloor in some cases (e.g., Higgins and
Shrag 2012; Bransen et al. 2015; Higgins et al. 2018). Deep-sea corals and
coral mounds also have been increasingly studied for similar reasons (e.g.,
Freiwald and Wilson 1998; Beuck et al. 2007, 2010; Roberts et al. 2009; Van
der Kooij et al. 2010; Stevenson and Rocha 2013). Micro-borings in
carbonate skeletons have long been used as bathymetric indicators with
particular differences between shallow phototrophic assemblages and deeper
assemblages, which are dominated by light-independent taxa (Boekschoten
1966; Bathurst 1967; Swinchatt 1969; Golubic et al. 1975, 1984; Vogel et al.
2000; Glaub et al. 2001; Wisshak 2012). Relatively few studies have been
done on deeper, aphotic boring assemblages (Golubic et al. 2019) and
significant convergence between shallow and deep endolithic ichnotaxa
provides complicates comparisons (Golubic et al. 2016). Even though
echinoids are important ecosystem engineers in soft-bottom habitats (e.g.,
Nebelsick 2020), their taphonomic pathways are understudied, yet
imperative for a detailed understanding of deep-sea ecology, marine
processes, and the interpretation of the fossil record.

This study provides a first description of taphonomic patterns found in
the deep-sea echinoid Echinocyamus (Fig. 1) from dredged sea mounts off
the coast of Australia. To improve the knowledge about deep sea echinoid
taphonomy, tests are described and analyzed for (1) abrasion, (2) macro-
borings, (3) micro-borings, (4) depressions, (5) staining, (6) filling, (7)
encrustation, and (8) fragmentation patterns. Results are compared to
taphonomic patterns found in shallow-water Echinocyamus and interpreted
in the context of differences and similarities of (1) test abrasion, (2)
encrustation rates, (3) encrustation organisms, and (4) fragmentation rates.
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METHODS
Studied Organism

The minute clypeasteroid genus Echinocyamus (Fig. 1) is generally
smaller than 20 mm in length (Mortensen 1948), ovate in shape and
dorsoventrally flattened with an infundibulated (funnel shaped) peristome.
Tests possess 10 internal radial buttresses, an apical system with four
gonopores, small basicoronal plates with interambulacral elements larger
than ambulacral elements. The periproct is located on the posterior oral
side (Mortensen 1948; Smith and Kroh 2011). This genus is first known
from Eocene strata.

Studied Area and Sampling

During the 2012 Southern Surveyor expedition (Cohen et al. 2012), 35
dredges were obtained from nine Tasmanid Seamounts (Fig. 2) across
22.5°S to 29.8°S latitudinal range from depths greater than 800 m (Table
1). The Tasmantid Seamounts are a chain of ancient 35 to 10 My old
(Quilty 1993; Crossingham et al. 2017) volcanoes, located 150 to 600 km
off the east coast of Australia with a geographical range between 36°S to
22°S latitude. Echinocyamus bearing sediments were collected using a 20
cm diameter, closed-bottom tube for foraminiferal ooze and fine sediments,
which collects surface sediments from the upper 30 cm generally when the
dredging process starts. However, dredges potentially collected material
over bathymetric ranges of 130 to 220 m. Denuded Echinocyamus tests
were hand-picked from sediment samples.

Taphonomic Characteristics

To assess taphonomic alteration of Echinocyamus tests we analyzed
patterns of (1) abrasion, (2) macro-borings, (3) micro-borings, (4)
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FiG. 2.—Map of Tasmantid Seamount dredging sites where Echinocyamus samples were collected. Inlay indicates the site relative to Australia (sourced from Google Earth
2017).
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TaBLE 1.—Dredge sites and details of Echinocyamus samples.

Total time Total No. Echinocyamus
Dredge Seamount Coordinates Depth (m)*  in water  recovery individuals Material recovered (Cohen et al. 2012)
TMD-01-SM294  Stradbroke Seamount  29°4.9" S 1460 [1250] ~25h 300 kg 1 Volcanic rocks, limestone cobbles with fossil
155°47.4" E material, biota (deep-sea corals, sponges),
foraminferal ooze
TMD-15-SM241  South Moreton Guyot 26°0.5" S 1190 [970] <2h 15 kg 1 Limestone cobbles, recrystallized coralliferous
154°57.8" E limestone, biota (deep-sea corals, gastropod),
foraminiferal ooze
TMD-22-SM462  Recorder Guyot 25°7.8" S 1100 [880] ~2h 70 kg 1 Limestone cobbles, recrystallized coralliferous,
154°59.9' E biota (deep=sea corals, mollusk, brachipods,
crinoids), foraminiferal ooze
TMD-25-SM130  South Fraser Guyot 24°24.5"S 2330 [2130] ~25h 40 kg 12 Limestone cobbles (rthodoliths within recrystallized
155°12.6' E bioclastic grainstone), a broken piece of
volcanic rock, deep-sea sediments, and biota
(deep-sea corals, barnacles, pteropods),
foraminiferal ooze
TMD-30-SM463  Wreck Reef 22°11.2" S 1570 [1440] ~2h 20 kg 1 Conglomerate with igneous cobbles, volcaniclastic
155°4.5' E sandstone, sandstone to conglomerate with
carbonate matrix, biota (deep-sea corals,
gastropods), foraminiferal ooze
TMD-32-SM388 Wreck Reef 22°16.3 S 2320 [2170] ~8h 40 kg 2 Igneous rock types, both as rounded cobbles and
155°18' E as carbonate-cemented breccia, biota (mollusks

and some shallow material including coral and
Halimeda flakes apparently washed down from
modern reef), foraminiferal ooze

* The foraminiferal ooze cotnaining the described Echinocyamus was most likely collected in the deeper part of the range.

depressions, (5) staining, (6) filling, (7) encrustation, and (8) fragmenta-
tion. For comparability of abrasion grades, the protocol developed for
shallow-water echinoids by Grun and Nebelsick (2016) was followed and
extended (Table 2).

Abrasion—Degrees of abrasion of the test surface, tubercles and pores
were documented following the protocol developed by Grun and Nebelsick
(2016) which is presented in detail in Table 2. Terminology follows Smith
(1984).

Macro-Borings.—Macro-borings are defined as holes in the test that
are clearly not the result of abiotic origin or fragmentation. These traces are
characterized by sharp margins and are visible with the bare eye.

Micro-Borings.—Micro-borings are defined as open tubes that can be
branched or unbranched, or small holes that are not visible with the bare
eye.

Depressions.—Depressions are defined as deep, localized abrasions
with sharp margins. These traces can be seen with the bare eye.

Staining.—Staining of the test can provide information on the local
environmental chemistry and its exposure time under given conditions
(Powell and Davies 1990; Best 2008). Three staining grades were defined
including (1) light, (2) moderate, and (3) dark staining. To determine if test
staining is based on an organic biofilm, two tests were bleached for 24 h in
a solution of ~ 2.5% sodium hypochlorite. Stains also were investigated
using an energy dispersive x-ray spectrometer (EDS) to determine
elemental composition. In particular, a suite of eight samples showing
increasing degrees of staining from a single dredge (TMD 25) were
analyzed uncoated using a Hitachi TM3030plus scanning electron
microscope (SEM) fitted with a Bruker EDS. An additional heavily
stained (black) echinoid spine from the same dredge and a bleached test
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fragment from a freshly dead shallow-water irregular echinoid were
analyzed as staining endmembers on similar substrates. Analyses consisted
of three circular 900 pm diameter spots per sample collected for 120
seconds at 15 kV on the aboral surface avoiding major pores, borings or
other damage. Selected elements include C, O, Mg, Al, Si, Cl, Ca, Mn, and
Fe. Although only pseudo-quantitative, normalization and quantification
were carried out using integrated Quantax 70 software (Bruker). Post-
analysis data manipulation was carried out using PAST software (version
3) (Hammer et al. 2001).

Filling—Filling of the test can provide information on the burial
conditions of the test. Three grades of filling have been defined: (1) not
filled, (2) filled with unlithified sediment, and (3) filled with lithified
sediment. ‘Lithified’ denotes that sediment cannot be loosened by shaking
or tapping of the test.

Encrustation—Encrustation is defined as biogenic material adhering
to the test surface that generally leads to thickening of the test.

Quasimetric Method.—Following the protocol developed by Grun and
Nebelsick (2016). Three alteration grades (grade 1, non-altered to slightly
altered; grade 2, moderately altered; grade 3, highly altered) were defined
for abrasion, fragmentation and encrustation (Table 2). A new character,
glassy tubercles alteration, was added to the protocol (Table 2).

The proportion of each test surface affected by taphonomic alteration
allowed assignment into five categories (category 1, taphonomic alteration not
detectable; category 2, 0 to 25% of the area altered; category 3, 25 to 50%
altered; category 4, 50 to 75% altered; and category 5, > 75% altered) (Grun
and Nebelsick 2016). For category ‘test filling’ the proportions refer to
proportion of the test filled with sediment. The only exception is the alteration
category ‘staining’ where the test is visually assigned. For assessing total
abrasion, fragmentation and filling, the quasimetric method of Grun and
Nebelsick (2016) was followed (Table 3). Values for the five proportion
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TaBLE 2.—Test characters and their taphonomic alteration categories. Modified from Grun and Nebelsick (2016). Modifications are italicized. Asterisk
indicates feature is comparable to “drillholes” in Grun and Nebelsick (2016).

Alteration Character Grade 1 Grade 2 Grade 3
Abrasion tubercle mamelon and boss present; boss present; mamelon entirely stereom visible; mamelon and boss
mamelon can be partly abraded gone; boss can be partly abraded entirely gone; gap indicates
former presence of tubercle
surface and glassy tubercles surface intact; no visible signs of stereom can be slightly abraded; stereom abraded; labyrinthic
abrasion; glassy tubercles not labyrinthic stereom not visible; stereom visible; glassy tubercles
abraded glassy tubercles party abraded gone
pores (oval also normal) outline smooth;no visible signs of outline irregular due to abrasion outline ragged due to abrasion or
abrasion fragmentation
Fragmentation test absent cracks present parts missing
Encrustation test surface absent present -
Macroborings*  borings outline (macroborings) margins show no visible signs of margins abraded margins fragmented
abrasion
borings cross section present recognizable not recognizable
(macroborings)
Filling test cavity absent unlithified material lithified material
pores absent present -
Coloration test surface none/white/light medium dark

categories are: category 1, taphonomic alteration is virtually not detectable
(value 0); category 2, up to 25% of the area or character is altered (value 1);
category 3, 25 to 50% is altered (value 2); category 4, 50 to 75% is altered
(value 3); and category 5, more than 75% of the area or character is altered
(value 4). Abrasion values were calculated following the protocol developed
by Grun and Nebelsick (2016) and are shown in Table 3.

Analyses—The echinoids were analyzed using a reflecting stereo
microscope (max. 10X magnification). Assigned scores were cross-
checked by observing uncoated tests using a Hitachi TM3030 SEM in
backscatter mode at low vacuum.

Taphonomic alteration of deep-sea samples was compared to shallow-water
material analyzed by (Grun and Nebelsick 2016). These comparisons were not
statistically evaluated because of the low number of deep-sea specimens (N =
18) and large difference in number of samples from the two environments
(shallow-marine Echinocyamus, N = 1051). Although the deep-sea samples
come from a relatively wide bathymetric range, and hence represent different
local environments and sites, the aphotic deep ocean environment is less
variable than shallower environments within the photic zone where light and
energy gradients are much steeper and more variable both spatially and

temporally. Therefore, differences in our deep-sea sample sites might be less
variable than differences shallow-water environments of a similar spatial
distribution. Hence, our grouped data are considered to be indicative of the
taphonomic differences between the broad environments.

RESULTS

A total of 18 Echinocyamus specimens were obtained from six dredges.
These dredges started at water depths greater than 1000 m (Table 1). Four
dredges contained a single, one dredge two tests, and another dredge 12
specimens. The other 29 dredges from depths greater than 800 m did not
contain any Echinocyamus specimens or fragments. The degrees of
taphonomic alteration ranged from almost pristine to highly altered tests
(Table 4).

Abrasion

Total Abrasion.—Total abrasion values range from 1.1 to 2.6 (Table 4)
with a mean of 1.45+0.40, N = 18. Total abrasion values are higher in
deep-sea samples compared to shallow-water specimens (Fig. 3A).

TaBLE 3.—Equations used for calculating total abrasion, fragmentation and infilling which followed the quasimetric approach described by Grun and
Nebelsick (2016).

Total abrasion (V4)

Total fragmentation (Vi)

Total filling (V)

_ 1Py 2Py 3Py _ 1P +2Pp +3Pg3
A= TR, Vi Pri P2 +Prs
Ao — 1P i2Pg 3Py

N Ps1+Ps+Pg3
A, — IPpi2Ppn 3Py
P Py +Pp2+Pp3

V= ActAHA,

3

A = tubercles

A = test surface

A, = ambulacral and genital pores

tests surface

Pg; = proportion (categories 1 to 5) of non-altered

Py, = proportion (categories] to 5) of fractures on the

I = Dsit2Po 3P
ts PPt P

Py1+Pi2+Pis3
I = Ppi+2Py
| O
_ s+l
=%

Is = infilling test
I, = infilling pores
Py = proportion of test filled (categories 1 to 5) with

P, = proportion (categories 1 to 5) of altered tubercles
(grades 1 to 3)

P, = proportion (categories 1 to 5) of altered test
surfaces (grades 1 to 3)

P, = proportion (categories 1 to 5) of altered
ambulacral and genital pores (grades 1 to 3)

test surfaces
Py3 = proportion (categories 1 to 5) of missing test
parts

different sediment types (grades 1 to 3)
P, = proportion (categories 1 to 5) of pores filled

(grades 1 to 3)

Downloaded From: https://bioone.org/journals/Palaios on 29 Nov 2021
Terms of Use: https://bioone.org/terms-of-use Access provided by U

niversity of Florida



408

T.B. GRUN ET AL.

TaBLe 4.—Overview of alterations in tests of deep-sea Echinocyamus. Abbreviations: A, = tubercles; A= test surface; A, = ambulacral and genital
pores; V= total abrasion; Vi = total fragmentation; I,;= filling test; 1, = filling pores; V;= total filling; I_type = type of sediment filling the test.

Samples A¢ A A, Va Macroboring Scars A% Encrustation Its Ip Vi 1_type Coloration
TMD-1-SM294 1.2 1.2 1.83 1.41 absent absent 1.4 absent 1 1.2 1.1 absent moderate
TMD-15-SM241 2.6 2.8 2.33 2.58 absent present 1.4 absent 1.8 1.8 1.8 lithified dark
TMD-22-SM462 1.6 1.4 1.4 1.47 absent absent 1 absent 2.6 14 2 lithified dark
TMD-25-SM130-1 1 1.4 1.2 1.2 absent present 1 absent 1 1.8 1.4 absent light
TMD-25-SM130-2 1.2 1.2 1.2 1.2 present absent 1 absent 1 1.2 1.1 absent light
TMD-25-SM130-3 1.2 1.2 14 1.27 absent absent 1 absent 1 1.4 1.2 absent moderate
TMD-25-SM130-4 1.2 1.2 1.4 1.27 absent absent 1 absent 1 1.2 1.1 absent light
TMD-25-SM130-5 2.57 22 1.67 2.15 absent absent 1.4 absent 1 1.4 1.2 absent dark
TMD-25-SM130-6 1.2 1.2 1.2 1.2 absent absent 14 absent 1 1.2 1.1 absent light
TMD-25-SM130-7 2 2.6 1.2 1.93 absent absent 1 absent 1 1.2 1.1 absent dark
TMD-25-SM130-8 1.2 1.2 1 1.13 absent absent 1 absent 1.4 1.33 1.37 lithified light
TMD-25-SM130-9 1.5 1.2 1.4 1.37 absent absent 1 absent 1.4 1.2 1.3 lithified moderate
TMD-25-SM130-10 1.2 1.2 1.2 1.2 absent absent 1 absent 1 1.4 1.2 absent moderate
TMD-25-SM130-11 1.5 1.2 1.6 1.43 present absent 1 absent 1.6 1.6 1.6 unlithified light
TMD-25-SM130-12 1 1 1.2 1.07 absent absent 1 absent 1.4 1 1.2 lithified light
TMD-30-SM463 1.6 1.8 1.6 1.67 absent absent 1 absent 1 1.2 1.1 absent moderate
TMD-32-SM388-1 1.2 1.2 14 1.27 absent present 1.4 absent 1.4 1.6 1.5 lithified light
TMD-32-SM388-2 1.4 1.2 1.4 1.33 absent absent 1 absent 1 1.2 1.1 absent light

Surface Abrasion—Test surface abrasion values range from 1.2 to 2.8
with a mean of 1.47%+0.53, N = 18. The test surfaces range in preservation
from completely intact to specimens where the outer stereom layers are
abraded and the core-stereom exposed (Fig. 4).

Tubercle Abrasion—Tubercle abrasion values range from 1.2 to 2.6
with a mean of 1.47%0.47, N = 18. Tubercles show various grades of
abrasion with the mamelons and bosses being well-preserved to completely
abraded (Fig. 4) compared to nearly unaltered tubercles (Fig. 5). Glassy
tubercles show similar abrasion patterns as the spine-bearing tubercles.

Pore Abrasion.—Abrasion values of ambulacral pores and genital
pores range from 1.2 to 2.3 with a mean of 1.42+0.31, N = 18. The pore
edges can be sharply defined, slightly ragged or broken (Fig. 6).

Macro-Borings

Macro-borings were observed in two specimens belonging to the sample
with 12 specimens (Figs. 7, 8A). The borings are subcircular to elongated
holes, in some cases where close together, merging and resulting in a
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figure-eight shape (Gibson and Watson 1989). Specimen TMD-25-130-2
contains two penetrating borings that are restricted to the oral side and
range between 1.18 and 0.86 mm in length and are 0.29 mm in width on
the narrowest part (Fig. 7A). The two borings are connected on their
proximal ends and reach into the peristome. The boring profile is
cylindrical in section with clearly defined margins that are not interrupted
by surface structures, such as tubercles, glassy tubercles, or pores.

Micro-Borings

Micro-borings are common in the analyzed deep-sea specimens and may
occur as filamentous, scalloped galleries (Fig. 9). These traces can be short,
less than 10 pm in length, or span several hundred microns. Micro-borings
generally occur in large quantities and proceed in a curved path. In some
cases, the borings erode a large volume of the echinoid’s stereom (Fig. 9D).

Depressions

Depressions occur exclusively on the test’s surface of three specimens
(Fig. 7B, 7C). They are restricted to the apical system (specimen TMD-25-
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FiG. 3.—Box-plot comparison of deep-sea and shallow-water specimens of Echinocyamus. A) Total abrasion values are higher in deep-sea settings than in shallow-water
environments. B) Range of fragmentation is narrower in deep-sea settings than in shallow-water environments.
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Fi6. 4—SEM images of taphonomically altered surface characters of Echinocyamus specimens from the Tasmantid Seamounts. A) Overview of a highly abraded specimen
(TMD-25-SM130-5) in aboral view. B) Detail view on the oral side of a test (TMD-15-SM241) where most of the surface characters are already gone. C) Two sunken
tubercles in detail view. The left tubercle is gone leaving a pit behind, the right tubercle shows signs of abrasion in the mamelon, platform, boss, and areole (specimen TMD-
22-SM462). D) Test surface is abraded exposing the underlying stereom (specimen TMD-25-SM130-5).

SM130-1) and the ambitus (specimens TMD-15-SM130-1 and TMD-32-
SM388-1). The depressions vary in length but never penetrate the test. A
scar located at the ambitus (Fig. 7C) in specimen TMD-25-SM130-11
appears to follow the figure-eight shape (Gibson and Watson 1989), but is
not penetrating. The length of this trace is 0.41 mm in length and 0.03 mm
at its narrowest part.

Staining

Nine of the 18 collected tests did not show significant staining.
Moderate yellowish to brown staining (Fig. 10) was observed in five
specimens. Four specimens showed darker brown test staining. Tests with
darker staining were in some cases covered by a very thin (< 10 pm thick)
biofilm. Bleaching of biofilm covered tests did not remove the stain.
Surface elemental analysis showed that the tests are dominantly composed
of O, Ca, C, and Mg, consistent with high-Mg calcite, as expected, but
staining is associated consistently with increased Mn, Fe, Si and Al (Fig.
11) (see Online Supplemental File for data and correlations). Including
standard end-members, Mn and Fe are significantly correlated (Pearson’s r
=0.98, N=30, p < 0.001) with mean Mn reaching ~ 0.5 % (atomic) in
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the most stained Echinocyamus sample, but are less so among the eight test
samples (Pearson’s r = 0.72, N =24, p < 0.001). Mean Si concentration
reaches > 1.5 % (atomic) in the most stained Echinocyamus sample and Si
and Al are significantly correlated with and without standard end-members
(Pearson’s r=0.98, N =30, p < 0.001 and r=0.96, N =23, p > 0.001,
respectively) whereas Fe and Si are less well correlated (Pearson’s r = 0.66,
N =24, p < 0.001 without endmembers). Specimens with dark staining
have the highest degree of total abrasion and fragmentation (Fig. 12A,
12B) but staining grade is not related to the frequency of macroboring,
depressions or encrustation (Fig. 13).

Filling

Seven Echinocyamus tests were filled to some degree by sediment. In
six specimens, the sediment was lithified, one specimen was filled with
unlithified sediment, and eleven specimens had no filling at all (Fig. 8).
Lithification was variable, mostly being poorly lithified, but filling from
sample TMD-25-SM130-8 is lithified in part by rhombic calcite cement
(Fig. 8C). The filling sediment consists of foraminiferal ooze. There is no
relationship between the staining and filling of the test and lithification
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Fi6. 5—SEM images of well-preserved Echinocyamus from the Tasmantid Seamounts. A) Test in aboral view (specimen TMD-25-SM130-12). Tubercles and gonopores
are well-visible. B) Sunken tubercle and protruding glassy tubercle in overview (specimen TMD-25-SM130-4). C) Sunken tubercle in detail view, all tubercle characteristics
are well-preserved (specimen TMD-25-SM130-6). D) Well-preserved glassy tubercle in detail view (specimen TMD-32-SM388).

grade between the individuals (Fig. 14). Filling grade does not have an
impact on the total abrasion or fragmentation (Fig. 13C, 13D). Sediment
filling level is not related to the frequency of macroboring, depressions or
encrustation.

Encrustation

Encrusting macro-organisms were not observed on any of the 18
specimens. However, two tests contained traces of encrustation (Fig. 15).
An aggregation of elongate crystals that morphologically resemble
aragonite on specimen TMD-25-SM130-6 is interpreted as remains of a
holdfast of an encrusting organism (Fig. 15A). On the aboral surface of
specimen TMD-25-SM130-3, a tube that penetrates the test is visible (Fig.
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15B). Some of the tests are coated in a thin biofilm that trapped fine
sediment, especially coccoliths, which are well preserved on the test’s
surface (Fig. 15C, 15D).

Fragmentation

Fragmentation occurred in three specimens and is restricted to plate loss
of the apical system. Fragmentation where larger parts of the test are
missing, was not observed. Furthermore, no evidence of plate or sutural
fractures were noticed in the Echinocyamus tests. The total fragmentation
value ranges from 1.0 to 1.4 with a mean of 1.11£0.18, N = 18. Abrasion
is higher in individuals that experienced fragmentation (Fig. 16).
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Fi6. 6.—SEM image of Echinocyamus in aboral view. Arrow points to high
abrasion around accessory pores (specimen TMD-15-SM241).

Fragmentation in deep-sea settings is lower compared to shallow-water
samples (Fig. 3B).

DISCUSSION

Recent dredge samples from the Tasmantid Seamount chain in the Coral
Sea off eastern Australia revealed previously undescribed deep-sea (900 to
2200 m) irregular echinoid specimens of the genus Echinocyamus. The 18
deep-sea specimens provide a first insight into taphonomic alteration in the
minute echinoid genus Echinocyamus from deep-sea environments.
Comparison of the deep-sea data to taphonomic analyses from shallow-
water environments allows evaluation of differences and similarities in
these two broadly defined environments.

Abrasion

Abrasion values among the deep-water samples are similar across the
analyzed test features, including the test surface, tubercles and pores with
abrasion values ranging from 1.4 to 1.5 with a total abrasion value of 1.45.
These abrasion values indicate that abrasion acts at similar rates over the
echinoid’s test. Grun and Nebelsick (2016) reported total abrasion values
for Echinocyamus tests from shallow-marine environments to be much
smaller than those found in our deep-sea material (Fig. 3A) with total
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abrasion values along sample sites ranging between 1.05 and 1.28. The
authors concluded that highly abraded tests are likely to disintegrate in the
high-energy settings leading to a bias that favors preservation of unabraded
tests.

Abrasion of the test surface and tubercles are similar between deep-sea
samples and the shallow-water environments. Deep sea samples, however,
show higher pore abrasion than in the shallow-water samples reported by
Grun and Nebelsick (2016). Pore margins can be abraded through the
increased water flow and transport of fine deep-sea sediments through the
pore opening. The higher pore abrasion in deep-sea samples indicates that
these tests were exposed longer to the environment without being
destroyed by currents or water agitation.

Macro-Borings

Macro-borings found in the deep-sea material (Figs. 7, 8) are distinct
from previously reported predatory or parasitic borings for Echinocyamus,
such as those of predatory cassid or parasitic eulimid gastropods (e.g.,
Nebelsick and Kowalewski 1999; Ztotnik and Ceranka 2003; Grun et al.
2014, 2017). Boreholes in Echinocyamus previously were described as
circular to subcircular featuring a cylindrical (Nebelsick and Kowalewski
1999) or concave (Grun et al. 2014) vertical profile. These reported
borehole morphologies are strongly affected by the microstructure of the
skeleton, such as tubercles and pores (Grun et al. 2014). Macro-borings in
the deep-sea specimens (Figs. 7A, 8A) are subcircular with a cylindrical
profile, but commonly occur in pairs, which can result in figure-eight
shaped traces (Gibson and Watson 1989). Macro-borings are not affected
by the skeletal microstructures of Echinocyamus, which contrasts with
predatory gastropod borings. The figure-eight shaped traces found in the
deep-sea Echinocyamus samples resembles boreholes produced by the
boring bivalve Lithophaga (e.g., Jones and Pemberton 1988, Belaustegui et
al. 2012) or predatory nematodes (e.g., Lipps 1983). The latter, however, is
on a much smaller scale and can thus be excluded.

Micro-Borings

Micro-borings (Fig. 9) were recorded only from the test surface and
within the stereom of the deep-sea Echinocyamus tests. These borings are
probably caused by sponges, fungi or other lithophagic micro-organisms
(e.g., Beuck et al. 2010; Golubic et al. 2019). Although not mentioned by
Grun and Nebelsick (2016), micro-borings also were present in
Echinocyamus from the shallow-water environments (Grun and Nebelsick
2016, fig. 3). In shallow-water settings, such micro-borings commonly are
produced by cyanobacteria and boring algae and can be very abundant
(e.g., Chazottes et al. 2009). Bioerosion on Echinocyamus tests from deep-

Fi. 7—SEM images of macro-borings and depressions in Echinocyamus tests from the Tasmantid Seamounts. A) Figure-eight macro-boring on the oral surface
(specimen TMD-25-SM130-2). B) Arrow points to depression (pit) on the aboral side of the test (specimen TMD-25-SM130-1). C) Arrow points to scar on the ambitus
(specimen TMD-25-SM130-11).
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Fi6. 8 —SEM images of macro-borings and sediment fillings of Echinocyamus tests from the Tasmantid Seamounts. A) Oral view with single macroboring and a paired
figure-eight boring. Test (TMD-25-SM130-11) is filled with unlithified sediment. B) Oral view of a test (TMD-22-SM462) with lithified filling. C) Oral view of a test (TMD-
25-SM130-8). Arrow points to rhombic calcite crystals cementing the filling.

Fi6. 9.—SEM images of micro-borings in Echinocyamus tests from the Tasmantid Seamounts. A) Stereom with potential sponge or fungal excavati
25-SM130-5). B) Tubercle with potential fungal micro-borings on the platform (specimen TMD-25-SM130-8). C) Stereom with micro-borings throughout the surface
(specimen TMD-25-SM130-11). D) Stereom showing excavations with rows of micropores (specimen TMD-25-SM130-6). White arrows indicate micro-borings.
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FiG. 10.—Photographs of Echinocyamus tests showing the three staining categories. A) Not stained. B) Moderately stained. C) Dark stained. All individuals collected from
dredge TMD-25.
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FiG. 11.—Plot of mean normalized EDS data for Mn, Fe, Si, and Al for eight Echinocyamus samples for dredge TMD-25 along with a fresh echinoid fragment and a
stained echinoid spine. Note the increase in element concentration with staining and that the Fe and Mn values vary in an inconsistent way whereas the Al and Si values
increase systematically.
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FiG. 12.—Box-plots of taphonomic alterations. A) Total abrasion for three categories of staining. Highly stained (dark) tests show higher abrasion values than less stained
tests. B) Fragmentation for three categories of staining. Fragmented tests are darker stained than non-fragmented specimens. C) Total abrasion for three categories of
lithification. Abrasion values are similar between lithification grades. D) Fragmentation for three categories of lithification. Highest fragmentation is visible in non-filled tests

and tests filled with lithified sediment.

sea settings might be increased compared to those of shallow-water
environments (Grun and Nebelsick 2016) due to an extended residence
time of skeletal remains on the seafloor (Voight and Walker 1995).
Phototrophic bioeroders such as endolithic cyanobacteria dominate in
shallow environments but are absent at aphotic depths. In deep-sea settings,
heterotrophic organisms such as fungi, sponges, foraminifers, annelids, and
bacteria are the main bioeroders (Radtke et al. 1997; Gektidis 1997; Vogel
et al. 1999, 2000; Beuck et al. 2010; Wisshak 2012; Golubic et al. 2019).

Depressions

Depressions in the deep-sea specimens (Fig. 7B, 7C) are rare and of
unknown origin. Possible origin of depressions includes predatory attacks,
trauma, and ontogenetic malformation. Differentiation between depres-
sions and other traces can be difficult. For example, a scar on the surface
can resemble a figure-eight shaped boring in earliest stages (Fig. 7C). This
scar, however, is interpreted as the result of two abraded tubercles in
proximity rather than a biotic boring.

Staining

Although taphonomic staining is common in deep-sea settings with
many skeletons eventually taking on a dark stain, it has been the focus of
relatively little study. Staining processes are typically the result of chemical
alteration with precipitation of authigenic minerals and are time dependent
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(e.g., TomaSovych et al. 2017). Hence, staining grades can be used as an
approximation for test exposure time on the seafloor or relative age of a
sample with the least stained samples generally representing the least time.
The strong correlation between Mn and Fe in the samples suggests that
some part of the staining is caused by Mn and Fe oxides, which are
abundant in many of the Tasmantid Seamount dredges. Crusts of black
oxides containing Mn and Fe are abundant in many deep sea settings where
they may form above or below the sediment-water interface with common
growth rates of 1 to 7 mm/My (Hein and Koschinsky 2014). Heavily Fe-
Mn oxide stained deep sea corals have been recovered by dredging and
dated to > 10,000 yrs using U-series techniques (Edinger and Sherwood
2012), but staining also has been shown to start forming very early, in
some cases owing presumably to microbial influence within biofilms (e.g.,
Freiwald and Wilson 1998). Those authors found that initial Fe-Mn
staining began on the surface of live coral skeletons even where protected
beneath soft tissue, but that more intense staining occurred once the tissue
was removed, but while living corallites were still present. Hence staining
may occur relatively rapidly relative to the long lifespans of some deep sea
corals (Edinger and Sherwood 2012). The role of bacteria in Fe and Mn
oxidation in deep sea crusts and films is controversial (Wang and Miiller
2009; Wang et al. 2009; Hein and Kaschinsky 2014; Jiang et al. 2017), but
provides additional complications for interpreting the pathways, and
especially the timing, of stain development. Thus, for redox sensitive
staining the darkest tests may have experienced the greatest amount of time
near the redox boundary within shallow sediments where anoxic pore
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FiG. 14.—Relationship between test staining and lithification grade of test filling
in Echinocyamus. Lithification of sediment filling occurs in all staining categories
but is most abundant in lightly stained tests. Unlithified sediment filling only occurs
in lightly stained tests.

waters and oxygenated seawater can mix. This zone may extend to the
seafloor where oxidation is controlled within bacterial biofilms. Hence, Fe-
Mn oxide staining rates will be a function of local redox kinetics,
sedimentation rate, bioturbation rate, disturbance rate and, most impor-
tantly, time.

Other staining mechanisms in the deep sea include growth of authigenic
clays and goethite (TomaSovych et al. 2017) and the strong correlation of
Si and Al in the present samples is consistent with the presence of
authigenic clays. Discoloration produced by authigenic clays and goethite
was found to form on nautiloid shells within ~ 200 years in mesobathyal
depths but at longer, millennial time scales for shells at epibathyal depths
(TomasSovych et al. 2017). The relatively poor correlation of Fe and Si on
the present data does not support the abundance of Fe-rich clays, but the
decoupling of Fe and Mn concentrations within the Echinocyamus data
suggests the possibility of additional Fe-rich phases, such as goethite.
Unfortunately, the mineralogy cannot be analyzed directly by x-ray
diffraction, as the samples are too small, but the consistent increase in Si
and Al concentration with staining (Fig. 11) suggests that the clays are
authigenic. Bleaching tests suggest that observed staining does not have a
high organic content. Regardless, staining in the samples, although
representing a complex group of processes, suggests that this feature can
be used as a relative measure of residence time on or near the seafloor.

Filling

The degree of filling and lithification of the sediment in the echinoid test
(Fig. 8) can be used as an indicator of burial. A filled test where the
sediment is lithified most likely was buried in this sediment for relatively
long time. A test filled with unlithified sediment was likely buried for a
shorter time. Non-filled tests either have not been buried or lost their filling
over time or during processing. Cementation on the seafloor was found to
enhance the preservation of delicate brachiopod shells in the Red Sea
(Tomasovych and Zuschin 2009). However, based on our data, there is no
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evidence that filling, or lithification had a positive or negative effect on the
preservation potential or staining of the test.

Pore filling was not recorded in the study from shallow-marine
environments, but the high prevalence of pore filling in the deep-sea is
probably related to the presence of finer sediment compared to shallow,
higher energy environments.

Fragmentation

The low fragmentation rates and high abrasion values in the deep-sea
samples indicate that tests are not prone to disarticulation due to water or
sediment agitation as reported by Grun and Nebelsick (2016) for shallow-
water samples (Fig. 3B). In contrast to the high-energy environments of the
Mediterranean Sea (Grun and Nebelsick 2016), deep-sea environments are
typically subject to much lower energy levels and thus tests are more
frequently preserved in increasing alteration states. Detrimental bioturba-
tion can occur in both environmental settings and may contribute to the
differences in fragmentation rates.

Plate-loss in the apical system is interpreted to occur post-mortem.
Morphology of the hole and the clear correlation to inter-plate
disarticulation is distinctive from predatory attacks, which would result
in more complex fragmentation patterns with associated traces. Plate loss
in both shallow-marine and deep-sea settings may be related to abrasion,
which leads to a thinning of the test and plate sutures with an eventual loss
of the plate.

Encrustation

Tests of echinoids in soft-bottom environments have been described as
small benthic islands where organisms can attach (Belaustegui et al. 2012).
The deep-sea Echinocyamus specimens had no epibionts attached to their
skeletons, but traces indicate that they did serve as benthic islands (Fig.
15). For example, remains of possible holdfast structures were interpreted
from surface features (Fig. 15A). Based on the macro-boring morphology
(Figs. 7A, 8A), lithophagic bivalves may have utilized the test as habitat.
Biofilms were present on both deep-sea and shallow water samples of
Echinocyamus but differ in their composition. Biofilms on tests from the
deep-sea samples contain predominantly coccoliths (Fig. 15C). Coccoliths
also can occur in shallow-water biofilms (Hauser et al. 2008) but shallow
biofilms more commonly contain benthic diatoms and cyanobacteria
reflecting the photic conditions in their respective environment. Coccoliths
contained within deep-sea biofilms have been implicated in the localized
oxidation of Fe and Mn (Wang et al. 2009; Tomasovych et al. 2017), finally
resulting in thick Fe-Mn crusts, but there is no evidence to link staining of
the present samples to that process. Coccoliths are ubiquitous in the ooze
and most likely became trapped in the test biofilms as abundant ambient
fine sediment.

Taphonomic Pathways

Due to small sample size only certain characteristics of taphonomic
pathways can be determined, especially in comparison to those
documented from shallow settings. Abrasion patterns on Echinocyamus
from the deep-sea survey indicate long survival times of the tests on the sea
floor. During that time of exposure, it is very likely that lithophagic and
epibenthic organisms such as sponges, and fungi attached to the skeletons

—

Fi6. 13.—Overview of taphonomic alterations in relation to three categories of test staining (A, C, E) and sediment filling / lithification (B, D, F). A) Macro-borings in relation
to test staining. Light-stained tests more often contain macro-borings. B) Macro-borings in relation to filling and lithification. Unfilled or unlithified tests contain macro-
borings. C) Scars or depressions in relation to test staining. Dark and light stained tests contain scars or depressions. D) Scars or depressions in relation to filling and
lithification. Unfilled or tests with lithified sediment filling contain scars and depressions. E) Encrustation in relation to test staining. Moderately stained tests show signs of
encrustation. F) Encrustation in relation to filling and lithification. Unfilled tests show signs of encrustation.
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Fi6. 15.—SEM images of encrusted Echinocyamus test surfaces. A) Aragonite needles likely stem from an incipient holdfast or microbialite (specimen TMD-25-SM130-
6). B) A tube penetrating the test (specimen TMD-25-SM130-3). C) Biofilm with bound coccoliths (specimen TMD-15-SM241). D) Microtube in biofilm (specimen TMD-
15-SM241).

and used them as benthic secondary hard substrates in a soft-bottom
environment. The soft-bottom habitat leads to sediment-filling of the tests
over time, which can be preserved in the form of lithified and non-lithified
fillings depending on the sediment composition and time frame of filling.
The longer the time of exposure of Echinocyamus tests in the deep-sea
environment, the more likely would be plate loss due to water and sediment
agitation, bioerosion or bioturbation. The time of test exposure in the
environment also dictates filling and staining levels.

CONCLUSION

This study is the first analysis of taphonomic alteration patterns on the
clypeasteroid echinoid genus Echinocyamus from deep-sea seamounts off
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the cost of Australia. By comparing the taphonomic alteration on tests of
Echinocyamus from these deep-sea environments with previously
published research on taphonomic patterns in Echinocyamus from
shallow-water environments, we show differences and similarities in
taphonomic test alteration in these environmental settings. Deep-sea and
shallow-water samples were both generally abraded, but with greater pore
abrasion in the deep-sea setting. Deep-sea macro-borings differ distinctly
in morphology from any reported predatory or parasitic borings in this
genus. However, these borings are most likely a biotic result, resembling
borings of lithophagic bivalves or nematodes. Micro-borings are likely the
result of sponge and/or fungal activity, rather than the cyanobacteria
common in shallower settings. Depressions present in some tests have
unclear origins. Staining is a result of chemical alteration of the test
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Fic. 16.—Box-plot comparison of the total abrasion value of deep-sea
Echinocyamus samples between complete and fragmented tests. Fragmented
specimens show higher abrasion values than complete specimens.

surface, but its exact nature is not clear. Darker stained specimen show
higher abrasion patterns than less stained tests. Filling is present as loose or
lithified sediment. The degree of filling is unrelated to the preservation of
the test. Fragmentation is low in the deep-sea environment, which reflects
low sediment and water agitation rates.
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