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Geo chem i cal stud ies (WD-XRF, ICP-MS, and GF-AAS) have shown that polymetallic nod ules from the east ern Clar -
ion-Clipperton Zone (CCZ) in the Pa cific Ocean are en riched in sev eral met als such as Cu (mean 1.16%), Ni (1.15%), Co
(0.15%), and Zn (0.14%), as well as re mark able con tents of Mo (0.059%), V (0.04%), Ce (0.019%), Nd (0.011%), Li (0.015),
and Pt (43 ppb). The av er age con tent of REE, to gether with Y and Sc, is 620 ppm. In nod ules from the CCZ metal con cen tra -
tions are of ten much higher than those re ported in nod ules from other ocean bas ins in the world. The bulk-nod ule mean value 
of the Mn/Fe ra tio is 5.3, which is char ac ter is tic for a mixed (hydrogenetic and diagenetic) or i gin of the nod ules. Microprobe
in ves ti ga tion re vealed two dif fer ent chem i cal com po si tions of the lay ers, and as cer tained their gen eral metal con tent. The
nod ules an a lyzed are com posed mainly of con cen tric-collomorphic laminae of Mn and Fe (oxy)hy drox ides which crys tal lized
around min eral nu clei (e.g., quartz, clay min er als), bioclasts or rock frag ments. They are from 3.3 to 7.6 cm in di am e ter. The
chem i cal and phys i cal prop er ties of the laminae al lowed dis tinc tion of two ge netic types: hydrogenetic and diagenetic. Those 
formed as a re sult of hydrogenesis had in creased val ues of Co, Si, Cl and S, while formed diagenetically showed in creased
lev els of Cu, Ni, Mg, Zn and K. These lamina types are char ac ter ized by dif fer ent growth struc tures, re flec tivity, den sity and
Mn/Fe ra tios. The ra tio of the diagenetic lay ers to hydrogenetic lay ers (192/53) in rep re sen ta tive polymetallic nod ules shows
that the nod ules of this study are of mixed hydrogenetic-diagenetic type. A mixed gen e sis was also shown by discriminant di -
a grams, with these CCZ sam ples be ing lo cated at the tran si tion be tween typ i cal hydrogenetic and diagenetic fields.

Key words: polymetallic nod ules, crit i cal el e ments, rare earth el e ments, deep-sea min ing, Clar ion-Clipperton Frac ture Zone,
Pa cific.

INTRODUCTION

One of the most char ac ter is tic and pro spec tive oc cur rences 
of polymetallic nod ules is a vast area in the East ern Pa cific
Ocean, lo cated be tween two frac ture zones: Clar ion and
Clipperton (CCZ; Bonatti et al., 1972; Cronan, 1977; Baturin,
1988; von Stackelberg and Beiersdorf, 1991; Kotliñski, 1999;
Hein, 2000; Glasby, 2006). Sam ples of polymetallic nod ules
from the CCZ, col lected dur ing the re search cruise of the Inter
Ocean Metal (IOM) or ga ni za tion in 2014, were sub jected to
study at the Pol ish Geo log i cal In sti tute – Na tional Re search In -
sti tute, fo cus ing on the chem i cal and mor pho log i cal prop er ties
of these polymetallic nod ules, in clud ing bulk geo chem i cal anal -
y ses of the nod ules for ma jor ox ides and for over 40 chem i cal
el e ments in clud ing ones crit i cal to in dus try. More over, the de -
tailed geo chem is try of the nod ule laminae were in ves ti gated by
elec tron microprobe. This study pro vided new data con cern ing

polymetallic nod ules from the CCZ, that we com pare with those
from other ar eas within the CCZ zone as well as with data from
other parts of the world.

RESEARCH AREA

The re search was car ried out at PGI-NRI on polymetallic
nod ules from the IOM or ga ni za tion con ces sion block within the
Clar ion-Clipperton Zone (CCZ) in the Pa cific Ocean (Kotliñski,
2011). This area lies on the oce anic abys sal plain at a depth be -
tween 4000 and 6000 m, where the rate of sed i ment ac cu mu la -
tion is very low (Depowski et al., 1998; Yubko 2009; Hein and
Petersen, 2013). The CCZ is lo cated within the Pa cific Plate in
the cen tral Pa cific Ocean. It is a part of the abys sal plain be -
tween Mex ico and Ha waii, lim ited by two large E–W frac ture
zones – Clar ion in the north and Clipperton in the south, and is
one of the best-known ar eas of the Pa cific Ocean (Gordon,
2000; Neall, 2008). The CCZ to tal area is ~5.5 mil lion km2, ex -
tends for ~5200 km from NE to SW, and is  ~1000 km wide.
Within the zone, many faults in ter sect each other, with horsts
and grabens strik ing north-south, form ing an ir reg u lar bot tom
to pog ra phy (Kazmin, 2009). The com pli cated re lief of this area,
with its main lin ea ments is shown on Fig ure 1. The en tire area
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grad u ally slopes south-west wards from the Math e ma ti cians
palaeorift where the depth is ~3500 m above sea bot tom to the
Lain vol cano-tec tonic chain at a depth of 5700 m (Yubko and
Kotliñski, 2009). The sed i men tary cover of the CCZ con sists of
car bon ate-sil ica de pos its of Up per Cre ta ceous to Qua ter nary
age that grad u ally thin from west to east (Hein et al., 1997; Usui
and Someya, 1997; Kotliñski, 2011). Bot tom pro fil ing led re -
search ers of the IOM to con firm pre vi ous ob ser va tions re gard -
ing bot tom mor phol ogy (Kotliñski, 1992; Yubko, 2009;
Ruhlemann et al., 2011). The seafloor is char ac ter ized by wide
and long NNE–SSW ori ented horst and graben struc tures. Be -
tween these, the height dif fer ences are from ~100 to 300 m.
The dis tri bu tion of el e va tions and de pres sions has a close re la -
tion ship with the ori en ta tion and di rec tion of struc tural-tec tonic
zones.

The area con sid ered is char ac ter ized by a greater amount
of met als de liv ered into ocean wa ters from en dog e nous
sources and marked ac tiv ity of trans form faults and ocean frac -
ture zones, which sig nif i cantly im pacts on the geo log i cal struc -
ture and geo mor phol ogy of the CCZ and pro cesses of
polymetallic nod ule for ma tion (Kotliñski and Stoyanova, 2005;
Kotliñski, 2011, with ref er ences therein). It is es ti mated that the
sur face cov er age is up to ~50% (Rona, 2008).

SAMPLES AND ANALYTICAL METHODS

The ma te rial was col lected by bot tom trawl ing from a depth
of ~4300 m dur ing the IOM-2014 re search cruise on the RV
“Yuzhmorgeologiya” in 2014. The sam pling site of the
polymetallic nod ules is shown on Fig ure 1. Chem i cal an a lyzes
of 10 bulk-nod ule sam ples were car ried out at the Chem i cal
Lab o ra tory of the Pol ish Geo log i cal In sti tute – Na tional Re -
search In sti tute in War saw in 2018. The con tent of rare earths
(Sc, Y, La, Ce, Pr, Nd, Eu, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb and
Lu) and trace el e ments (Ag, As, Ba, Be, Cd, Co, Cr, Cs, Cu, Li,
Mo, Ni, Pb, Rb, Sb, Se, Sn, Sr, Tl, U, V and Zn) were de ter -
mined af ter de com po si tion with a full mix ture of HCl, HNO3, HF,
and HClO4 ac ids us ing the Perkin Elmer ICP-MS Elan DRC II
mass spec trom e ter uti liz ing in duc tively cou pled plasma mass
spec trom e try (ICP-MS).

The ma jor el e ment con tents (SiO2, TiO2, Al2O3, Fe2O3,
MnO, MgO, CaO, Na2O, K2O, P2O5, SO3, Cl and F) and LOI
(Loss on Ig ni tion of Solid Com bus tion Res i dues) in fused sam -
ples from polymetallic nod ules were de ter mined. Anal y ses were 
per formed by wave length dispersive X-ray flu o res cence spec -
trom e try (WD-XRF) method us ing a Philips PW-2400 spec -
trom e ter. Au, Pd and Pt were mea sured us ing the Perkin Elmer
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Fig. 1. Map of the sam pling site dur ing the re search cruise in 2014 in the CCZ with struc tural tec tonic sketch and pro file line
par al lel to the frac ture zones (based on the Esri Ocean Base ment; bathymetry source – GEBCO)



model 4100 ZL spec trom e ter by the Graph ite Fur nace Atomic
Ab sorp tion Spec trom e try (GF AAS) method. The lower lim its of
de tec tion of these meth ods are shown in Ap pen dix 1*.

The ba sic sta tis ti cal pa ram e ters (arith me tic mean, geo met -
ric mean, me dian, stan dard de vi a tion) of the el e men tal con tents 
of bulk sam ples of polymetallic nod ules from CCZ were de ter -
mined, as well as the cor re la tion ma tri ces be tween el e ments in
the nod ules. The de gree of cor re la tion of pa ram e ters was in ter -
preted as fol lows: r = 0–0.3 no cor re la tion; r = 0.3–0.5 very weak 
cor re la tion; r = 0.5–0.7 weak cor re la tion; r = 0.7–0.9 strong cor -
re la tion; r = >0.9 very strong cor re la tion (Mikulski et al., 2020).

De tailed chem i cal anal y sis to gether with mi cro-pho to -
graphic doc u men ta tion were car ried out on 20 thin sec tions of
polymetallic nod ules with a NIKON ECLIPSE LV100 POL mi -
cro scope con tain ing NIS-El e ments soft ware. Quan ti ta tive ex -
am i na tion of nod ules was per formed on a CAMECA SX-100
X-ray mi cro scope, pre ceded by pre lim i nary in ves ti ga tion us ing
a LEO-1430 elec tron mi cro scope (ZEISS) with an EDS (En -
ergy-Dispersive X-ray Spec tros copy) de tec tor. The fol low ing
pa ram e ters were used dur ing EPMA anal y ses: HV ac cel er at ing 
volt age 15 kV, beam cur rent 20 nA, fo cused beam (<1 µm in di -
am e ter); ac qui si tion time at peak po si tion 20 s, at back ground
po si tion 10 s, car bon sput ter ing. The set of el e ments for quan ti -
ta tive anal y sis (which was com pleted on the ba sis of WDS
spec tra anal y sis) is given in Ap pen dix 2. When cal cu lat ing the
chem i cal com po si tion, the cor rec tion for Fe-Ka in ter fer ence
(Mn-Kb1) was taken into ac count. Val ues of ox y gen con cen tra -
tion (O) were cal cu lated for each el e ment on the ba sis of its va -
lency, while the share of O for Mn (IV) and Fe (III) (ox i dized
phases) was cal cu lated.

Us ing the ArcGIS pro gram for work ing on GIS data and an
ocean floor model (GEBCO 30 arc-sec ond grid), a bot tom pro -
file was gen er ated along a line through the CCZ par al lel to the
fault line. Then, to cal cu late the av er age slope of the zone, the
depth data was ex ported from ArcGIS to Ex cel, cre at ing an -
other pro file, and the trend line was cal cu lated and de ter mined.
Us ing the data gen er ated data and an arctangent func tion, an
av er age bot tom slope of 3.25° to the south-west was ob tained
(Fig. 1).

RESULTS

MORPHOLOGY OF NODULES

The polymetallic nod ules stud ied mostly have a discoidal,
el lip soi dal or sphe roi dal shape. The lon gest axis var ies from 3.3 
to 7.6 cm (Ta ble 1), whereas nod ules be tween 3 and 5 cm are
most com mon. Dur ing the re search >100 polymetallic nod ules
were mea sured and de scribed. From these morphometric pa -
ram e ters, nod ule di am e ter was adopted as the ba sic cri te rion
for their sub di vi sion. Three groups of nod ules were dis tin -
guished: (1) small (sym bol S) with a di am e ter of 3.3–4 cm, (2)
me dium (sym bol M) with a di am e ter of >4–6 cm, (3) large (sym -
bol L) with di am e ter >6–7.6 cm.

Based on these mea sure ments, it was de ter mined that the
av er age-size nod ule is 5.4 cm long (x), 4.2 cm wide (y) and
3.4 cm thick (z) (Ta ble 1). The size re la tions of the y to x axis
and the x to z axis are shown by graphs (Fig. 2A, B). The ra tio of 
length to width is 0.76 and width to thick ness 0.62. A slight cor -
re la tion be tween nod ule length and weight was also noted (R2 = 
0.18; Fig. 2C), as well as a strong cor re la tion be tween weight
and vol ume R2 = 0.73 (Fig. 2D).

The av er age ap par ent den sity of polymetallic nod ules is be -
tween 1.00 and 2.40 g/cm3 and the po ros ity is be tween 25 and
61%. The hard ness de ter mined on the ba sis of the Mohs scale is 
~2.5. These val ues are vari able and de pend on the size of the
nod ules. Polymetallic nod ules are built mainly of con cen tric
laminae, the growth of which be gan on a for eign body that is the
nod ule nu cleus. This nu cleus may be a min eral grain, frag ment
of bone (Fig. 3A), par ti cle of sed i ment, sub ma rine vol ca nic rock
in clud ing pum ice (Fig. 3B), mi cro or gan ism (e.g., foraminifer
test), or shark tooth (Fig. 3C; Depowski et al., 1998;
Koz³owska-Ro man and Mikulski, 2019). Of ten there is more than 
one nu cleus in one polymetallic nod ule or new laminae be gan to
build up on bro ken nod ules, as can be seen in thin sec tion.

Large nod ules (from 6 to 7.6 cm in size) usu ally have an ir -
reg u lar shape and discoidal form with  rel a tively frag ile struc -
ture. The outer sur face of ten looks like spher i cal clus ters or
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Pa ram e ter Arith me tic av er age Geo met ric av er age Me dian Min i mum Max i mum Stan dard de vi a tion

Length along the X axis [mm] 55.2 54.7 55.0 33.0   76.0   7.5

Length along the Y axis [mm] 42.6 42.3 43.0 27.0   60.0   5.3

Length along the Z axis [mm] 34.8 34.2 35.0 20.0   60.0   6.5

Vol ume – V [cm3] 30.0 28.5 30.0 15.0   72.0   9.6

Weight – W [g] 63.6 60.9 63.9 34.8 130.3 19.1

The ra tio of X to Y   1.3   1.3   1.3   0.9     2.2   0.2

The ra tio of X to Z   1.6   1.6   1.6   1.0     2.7   0.4

The ra tio of Y to Z   1.3   1.2   1.2   0.9     2.0   0.2

The ra tio of vol ume to weight   0.5   0.5   0.5   0.3     1.0   0.1

T a  b l e  1

Ba sic sta tis ti cal pa ram e ters of the mor phol ogy of the polymetallic nod ules studied
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crusts (Fig. 4A), from the merger of sev eral nod ules and so with
more than one nu cleus. Be cause of nu mer ous pores and a very 
loose struc ture, sed i ments fill ev ery open space on the nod ule
sur face and in the more com pact in ter nal part (Fig. 4J). Me dium 
nod ules (from 4 to 6 cm across) have a discoidal or el lip soi dal
form. At the wa ter-sed i ment in ter face, a char ac ter is tic rim is vis -
i ble (Fig. 4B). Usu ally the up per part, where growth took place
in di rect con tact with wa ter, is smooth (Fig. 4D); the lower sur -
face is strongly ir reg u lar and of ten filled with sed i ment (Fig. 4E).
The nu clei of both me dium and large ex am ples are com monly 
frag ments of other nod ules (Fig. 4F). Small nod ules (3.3–4 cm
in di am e ter), with a sphe roi dal shape and a smooth sur face, are 
more solid and less frag ile (Fig. 4G, I). The outer layer is very
com pact and less po rous than in the case of larger nod ules, so
there is no vis i ble sed i ment fill ing the pores in its struc ture
(Fig. 4H). Thin al ter nat ing dark and light grey lay ers are very
vis i ble and build out from a cen tral point (Fig. 4C).

BULK SAMPLE GEOCHEMISTRY

Ten se lected, well-pre served, dense polymetallic nod ules
of dif fer ent sizes (long axis range be tween 3.3 and 7.6 cm) were 
an a lyzed. They have a discoidal to el lip soi dal shape, usu ally
with smooth up per sur face and coarse bot tom parts. The chem -
i cal com po si tion of the polymetallic nod ules is dom i nated share
by the fol low ing ma jor ox ides: MnO (arith me tic mean = 37.1%;
n = 10), SiO2 (12.8%), Fe2O3 (7.8%), Al2O3 (4.3%), MgO
(2.8%), Na2O (2.8%), CaO (2.2%) and oth ers with mean con -

tent <0.1% (Ta ble 2 and Fig. 5). The range of vari abil ity of their
com po si tion for in di vid ual ox ides is small and ranges from
0.06% (SO3) to 3.67% (MnO), de pend ing on the ox ide. In gen -
eral no sig nif i cant dif fer ences in the ma jor ox ides geo chem i cal
com po si tion be tween nod ules of dif fer ent size were found.
Man ga nese (MnO) con cen tra tion is from 35.82 to 39.49% and
iron (Fe2O3) from 6.35 to 8.75%. The mean Mn/Fe ra tios in bulk
nod ule sam ples is 5.3 and ranges from 4.6 to 6.9. Some of the
larger nod ules have slightly higher Mn/Fe ra tios (5.3–6.9) as
well as Th/U ra tios (3.1–4.1) com pared to the smaller ones
(Mn/Fe 4.8–5.5 and Th/U 2.5–2.7; Ap pen dix 3). MnO and SiO2

con sti tute on av er age >50% of the nod ule, and the re main ing
ox ides av er age ~22%. The Si/Al ra tio is be tween 2.46 and 2.77
with a mean of 2.64, gen er ally <3 in di cat ing the pres ence of clay 
min er als within the nod ules. The large share of LOI val ues
(range from 23.1 to 24.8 wt.%) is due to the pri mary wa ter and
vol a tile con tent lost dur ing sam ple dry ing and chem i cal anal y -
ses.

These nod ules con sist mainly of Mn and Fe, and ad di tion -
ally of Cu (arith me tic mean = 1.16%), Ni (1.15%) and Co and Zn 
(1521.7 and 1439.0 ppm, re spec tively), as well as prom i nent
con tents of Mo (590.6 ppm), V (412.8 ppm), Ce (192.4 ppm), Li
(157 ppm), Nd (114.3 ppm) and Pt (43.1 ppb). The metal con -
tent of the nod ules, ex clud ing Fe and Mn, is on av er age ~3%
(Fig. 5), the high est be ing Cu (1.22% of the to tal av er age mass
of the sam ple), Ni (1.20%), Ba (0.24%), Co (0.16%), Zn
(0.15%), Mo (0.06%), SREE (0.06%), V (0.04%), Li (0.2%) and
other met als (0.2% each). The smaller nod ules have a slightly
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Fig. 2. Graphs of mor pho log i cal pa ram e ters for polymetallic nod ules from the CCZ in the Pa cific Ocean

A – re la tion be tween the length along the X axis and the length along the Y axis [mm]; B – re la tion be tween the length along the X axis
and the length along the Z axis [mm]; C – re la tion be tween the length along the X axis [mm] and the weight [g]; D – re la tion be tween

vol ume [cm3] and weight [g]
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higher Co+Cu+Ni con cen tra tion (2.5–2.7%) com pared to the
big ger ones (2.3–2.5%; Ap pen dix 3). There is a strong neg a tive
cor re la tion be tween MnO and Fe2O3 (cor re la tion co ef fi cient, r =
–0.82). A very strong cor re la tion (r ³ 0.9) be tween Cu and CaO,
Zn, and Na2O con cen tra tions was found (Ap pen dix 4). A strong
cor re la tion (r = 0.9–0.7) ex ists be tween the dis tri bu tion of Cu
and Mo, Sb, Zn and Au, Ni and As, U, Mo, CaO and P2O5,
Fe2O3 and As, P2O5, and Sr  as well as be tween Co and SiO2

and K2O, Zn and Au, CaO, Mo, and Cd. More over, a strong cor -
re la tion was rec og nized be tween the con tent of Mo and CaO,
As and Tl, Be and As and Ag, Sb and Cd, and Au, Li, and Na2O.
Weak cor re la tions (r = 0.7–0.5) were found be tween some ma -
jor ox ides and/or ma jor and mi nor el e ment dis tri bu tions. Mn/Fe
ra tios have a weak cor re la tion with MgO dis tri bu tion (r = 0.55),
but neg a tive strong cor re la tion with As, P2O5, Sr and Be. The
sum of Cu+Co+Ni shows a very strong cor re la tion with CaO
and Cu dis tri bu tion and a strong cor re la tion with Mo, Ni, Au, As
and Zn but strong neg a tive cor re la tion with MgO. The larg est
changes in the value of the stan dard de vi a tion co ef fi cient from
the arith me tic mean value for the el e ments and ox ides ex am -
ined were found for: Pt, Au, Pd (from 50–60%), Se, SO3, Ba, Tl,
Ag (from 30–40%), Sn, CaO, Li, K2O, As, Cr, Cd, Cs, Sc and Th
(from 10–20%). The low est val ues of changes in the stan dard
de vi a tion in re la tion to the av er age value of a given el e ment or
ox ide were found for MnO and Ni (2.8 and 3.9%, re spec tively).
For other de ter mi na tions of el e ments, the con tent ranges from
~5 to 10%.

Fig ure 6 shows a com par i son of the el e ment con tents of
polymetallic nod ules from the CCZ to their av er age crustal
abun dance (Barbalance, 2019). A very strong en rich ment in Mo 
(al most 400x), Mn (300x), Sb, Cu and Tl (200x) are ev i dent.
The con tents of Cd and Ni show over 100x en rich ment. In turn
Co and Se show an in crease of 70x and 60x, re spec tively. Ar -
senic shows al most 40 times the en rich ment and el e ments
such as Zn, Pd, Pb, Pt and Ag over 10 times the en rich ment
com pared to their av er age con tent in the Earth’s crust. Be, Cr,
Rb, Sc and Sn are de pleted el e ments with re spect to the crustal 
mean com po si tion by a fac tor of be tween 5 and 10.

The bulk av er age con tent of the sum of REE to gether with Y 
and Sc (i.e. REY) for polymetallic nod ules is ~618.3 ppm
(n = 10 sam ples; range from 561.9 to 687.8 ppm). The av er age
REY con tent is 608.8 ppm and ranges from 553.6 to
677.4 ppm. The av er age REY con tents in nod ules from the
study area is in the range of the REY con tents in nod ules from
other parts of the CCZ in the Pa cific Ocean (av er age =
762.1 ppm; range from 400 to 1040 ppm), (Glasby, 1977;
Kotliñski et al., 1997; Hein et al., 2013; Hein and Koschinsky,
2014). Anal y sis of the chem i cal com po si tion of 158 polymetallic 
nod ules from the CCZ showed that SREE is in the range from
302 to 2020 ppm (Kotliñski et al., 1997; Duliu et al., 2009;
Franzen and Balaz, 2012; Dimitrina et al., 2014; Zawadzki et
al., 2015). But it is sig nif i cantly lower than that in polymetallic
nod ules found in the Cook Is land Ex clu sive Eco nomic Zone in
the Pa cific Ocean (REY av er age con tents = 0.168%, max.
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Fig. 3. Ex am ples of nod ule nu clei from the study area

A – frag ment of bone; B – pum ice; C – shark tooth (Lamniformes: Lower Cre ta ceous–pres ent)
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Fig. 4. Typ i cal polymetallic nod ules from the CCZ in the Pa cific Ocean

A – large polymetallic nod ule with con vex sur face, weight 203 g, size 7.6x5.5x5 cm; B – polymetallic nod ule with a vis i ble rim mark ing the wa -
ter-sed i ment in ter face; C – thin sec tion of small polymetallic nod ule; D – polymetallic nod ule formed by the pre cip i ta tion of metal ions  from
bot tom wa ters; E – rough sur face of a nod ule formed by the pre cip i ta tion of metal ions from pore wa ters in the sed i ment; F – thin sec tion of
me dium polymetallic nod ule with a nu cleus in the form of a frag ment of an other nod ule; G – small polymetallic nod ules with a smooth sur face; 
H – cross-sec tion through small polymetallic nod ule; I – cross-sec tion through me dium polymetallic nod ule; J – cross-sec tion through large
polymetallic nod ule with sed i ment vis i ble in nu mer ous pores
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Com po nent Arith me tic mean Geo met ric mean Me dian Min i mum Max i mum Stan dard de vi a tion

MnO [%] 37.06 37.04 36.73 35.82 39.49 1.05

SiO2 12.82 12.81 12.81 12.24 13.70 0.45

Fe2O3 7.81 7.78 7.90 6.35 8.75 0.72

Al2O3 4.29 4.29 4.25 4.05 4.65 0.21

MgO 2.84 2.83 2.88 2.61 3.18 0.18

Na2O 2.78 2.78 2.84 2.60 2.98 0.14

CaO 2.15 2.13 2.08 1.75 3.15 0.38

K2O 0.82 0.81 0.85 0.67 0.94 0.10

TiO2 0.35 0.35 0.34 0.31 0.41 0.032

SO3 0.44 0.42 0.38 0.29 0.88 0.18

P2O5 0.29 0.29 0.29 0.25 0.31 0.02

Cl 0.08 0.08 0.07 0.06 0.09 0.01

LOI 23.99 23.98 23.85 23.10 24.80 0.53

SUM [%] 95.50 95.50 95.56 95.02 95.73 0.22

Li [ppm] 156.98 155.00 159.05 118.00 203.30 26.32

Be 1.59 1.58 1.57 1.26 1.78 0.17

V 412.8 412.4 412.0 381.0 447.0 18.7

Cr 8.3 8.25 8.0 7.0 10.0 0.95

Co 1521.7 1517.6 1526.0 1297.0 1711.0 115.9

Ni 11502.1 11494.2 11503.0 10745.0 12210.0 447.2

Cu 11628.7 11607.9 11319.5 11196.0 13599.0 760.9

Zn 1439.0 1433.5 1452.0 1263.0 1683.0 133.4

As 57.7 57.3 58.0 43.0 65.0 6.6

Se 3.1 2.8 3.5 1.0 5.0 1.2

Rb 22.4 22.3 22.8 19.6 24.5 1.7

Sr 609.6 608.8 610.6 549.0 680.8 33.5

Mo 590.6 589.1 589.5 517.8 672.4 44.0

Ag 0.99 0.91 1.17 0.27 1.32 0.35

Cd 20.94 20.79 20.72 15.70 24.00 2.57

Sn 0.93 0.91 1.00 0.50 1.10 0.21

Sb 51.7 51.6 51.9 45.9 60.7 4.1

Cs 1.57 1.56 1.57 1.33 1.94 0.19

Ba 2303.7 2161.7 1933.5 1472.0 3965.0 917.1

Tl 129.7 122.6 138.9 61.6 181.1 40.59

Pb 219.0 218.2 217.0 192.7 251.3 19.9

U 3.37 3.36 3.37 3.13 3.63 0.19

Sc 9.55 9.50 9.65 8.30 10.80 0.96

Y 68.84 68.77 69.00 63.40 75.20 3.11

La 86.42 86.32 86.53 78.20 94.00 4.25

Ce 192.40 191.86 192.48 170.10 216.90 15.25

Pr 26.86 26.81 26.90 23.80 29.90 1.56

Nd 114.27 114.10 114.60 104.00 128.80 6.45

Sm 28.06 28.02 28.07 25.58 31.48 1.58

Eu 7.21 7.19 7.14 6.39 8.32 0.49

Gd 26.78 26.75 26.73 24.63 29.58 1.33

Tb 4.15 4.14 4.13 3.70 4.62 0.24

Dy 23.53 23.50 23.45 20.99 26.35 1.38

Ho 4.33 4.32 4.33 3.93 4.82 0.23

Er 11.84 11.82 11.88 10.73 13.21 0.67

Tm 1.66 1.66 1.65 1.49 1.86 0.10

Yb 10.84 10.82 10.79 9.70 12.17 0.66

Lu 1.61 1.61 1.62 1.45 1.81 0.1

Th 11.19 11.11 10.76 9.23 14.10 1.39

T a  b l e  2

Ba sic sta tis ti cal pa ram e ters for main ox ides and ma jor and trace el e ments from geo chem i cal bulk-rock anal y ses of polymetallic 
nod ules from the CCZ in the Pa cific Ocean



0.321%; Hein et al., 2015). They are also lower than in the In -
dian Ocean polymetallic nod ules where the av er age REY con -
tent is 0.104% (Hein and Koschinsky, 2014). More over, com -
par ing the mean con tent of SREY to their mean con tent in si li -
ceous-clayey silts re ported by Zawadzki et al. (2020) from the
east ern parts of the CCZ, a more than dou bled en rich ment
should be found (av er age REY = 288.81 ppm for n = 137, range 
from 199.99 to 616.56 ppm). The nod ules stud ied also show
higher mean REY con cen tra tions com pared to polymetallic
nod ules from the Peru Ba sin in the Pa cific Ocean, in which the
av er age REY con tents are 402.51 ppm (Hein and Koschinsky,
2014). They are also al most 4x higher than the av er age con -
cen tra tions of SREY – 165.1 ppm, SLREE (145.7 ppm) and
HREE (19.4 ppm) re corded for Fe-Mn nod ules from the south -
ern part of the Bal tic Sea in the Pol ish Mar i time Ar eas
(Szama³ek et al., 2018). SREE have a strong cor re la tion (r =
0.88–0.81) with TiO2, Pb, Y and Th. Kotlinski et al. (1997) sug -
gested that REE are fixed to nonmetalliferous accessoric min -
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Au [ppb] 1.45 1.20 1.50 0.50 3.00 0.86

Pt [ppb] 43.10 34.07 38.00 5.00 96.00 26.31

Pd [ppb] 11.10 9.25 12.00 2.50 18.00 5.50

SREE(La-Lu)+Y+Sc 618.3 617.4 618.9 561.9 687.8 33.38

SREE [ppm] (La-Lu) 539.9 539.1 540.1 490.2 602.2 32.2

SLREE (La-Eu) 455.2 454.4 455.6 413.6 507.8 26.43

SHREE (Gd-Lu) 84.7 84.6 84.5 76.6 94.4 4.65

SREY (La-Lu+Y) 608.8 607.9 609.7 553.6 677.4 34.85

SHREY (Gd-Lu+Y) 153.6 153.4 154.1 140.0 169.6 7.58

LREE/HREE 5.37 5.37 5.39 5.14 5.61 0.12

LREE/HREY 2.96 2.96 2.97 2.78 3.10 0.08

Mn/Fe 5.31 5.28 5.25 4.60 6.89 0.677

Co+Cu+Ni [%] 2.47 2.46 2.44 2.34 2.71 0.102

Si/Al 2.64 2.64 2.66 2.46 2.77 0.10

Th/U 3.33 3.31 3.31 2.83 4.12 0.402

Tabl. 2 cont.

Fig. 5. Ring di a gram of the bulk-rock sam ple chem i cal
com po si tion (in wt.% cal cu lated to 100%) of polymetallic

nod ules from the CCZ in the Pa cific Ocean

Fig. 6. Com par i son of the arith me tic mean con tent of some el e ments in
bulk-rock sam ples of polymetallic nod ules from the CCZ in the Pa cific Ocean
rel a tive to their av er age con tents in the Earth’s crust (af ter Barbalance, 2019)

El e ments above the ra tio line of 1 are en riched in the nod ules



er als such as bar ite, mica, feld spar and other. In con cre tions
from the CCZ zone, hydrogenetic nod ules show higher av er age 
REE con cen tra tions (1065 ppm) than the diagenetic nod ules
(787.9 ppm; Zawadzki et al., 2015). We found that the mean
sum of REE (La-Lu) is 539.9 ppm (range 490.2–602.2 ppm),
which is al most 2x lower than the re ported mean val ues for
hydrogenetic con cre tions and over 230 ppm lower than for
diagenetic con cre tions; the small nod ules con tain lower REE
than with the larg est ones.

REY data ploted rel a tive to Post Archean Aus tra lian Shale
(PAAS; McLennan, 1989) are char ac ter ized by an in creased
con cen tra tion of LREE com pared to HREE and a pos i tive eu ro -
pium anom aly and neg a tive yt trium anom aly (Fig. 7). The REE
pat tern also shows slight Tb and Er neg a tive anom a lies.
PAAS-nor mal ized Eu anom a lies show pos i tive en rich ments
rang ing from ~5 to 11 and sig nif i cant neg a tive Y anom a lies
rang ing from 1.5 to 1.8. The arith me tic mean value of the
LREE/HREY ra tio is 2.96 (ranges from 2.8 to 3.1).

NODULE GEOCHEMISTRY IN THE LIGHT 
OF MICROPROBE STUDIES (EPMA)

In min er al og i cal terms, the polymetallic nod ules in ves ti -
gated con sist of Mn ox ides and Fe hy drox ides. The main man -
ga nese min er als within the nod ules an a lyzed are low-crys tal line 
vernandite, todorokite, birnesite and poly mor phic iron hy drox ide 
(Hein, 2000; Wegorzewski et al., 2015). Iden ti fi ca tion of these
min er als was pos si ble us ing X-ray dif frac tion (XRD), which was
not the sub ject of this study. In stead, EPMA was per formed to
de fine mac ro scop i cally vis i ble dif fer ences in the zoned struc -
ture of the nod ules (Fig. 8A–F). The mac ro scopic stud ies as
well as elec tron microprobe im ag ing and scan ning elec tron mi -
cros copy (SEM) re vealed an in ter nal struc ture char ac ter is tic of
polymetallic nod ules. All meth ods showed that from the cen tre
of the nu cleus or nu clei min er als grow sym met ri cally form ing
dif fer ent types of lay ers that can be ini tially dis tin guished into
lighter and darker ones (Fig. 8A–C). In fact they dif fer in shape,
thick ness and re flec tivity, which is in dic a tive of dif fer ent metal
con tents.

The light lay ers are char ac ter ized by high re flec tivity which
may in di cate a higher metal con tent. In ves ti ga tions of chem i cal
com po si tion in sin gle lay ers with the use of EPMA showed that
they con tain high val ues of Mn, on av er age 44.81% (man ga -
nese ox ide MnO2 71–79% wt.%) and low iron con tent, on av er -
age 0.86 wt.% (Fe2O3 con tent does not ex ceed 3 wt.%). The
Mn/Fe ra tio ranges from 5.5 to 1148.8 and the con cen tra tion of
Ni+Cu is rel a tively high and reaches 6.43 wt.% whereas cop per
ox ide is~3 wt.% in the form of CuO, and nickel ox ide ~4 wt.% in
the form of NiO. In the light laminae the sum val ues are in av er -
age 94.37 wt.% (Ta ble 3, Ap pen dicies 5 and 6). Laminae can
also be dis tin guished by the shape of their growth. Lay ers with
high re flec tive abil ity are thicker and wider then dark lay ers.
They usu ally grow in den dritic forms or are dense and mas sive.
Den dritic forms con sist of sec tions of lo cally thick ened laminae.
They are dense and rounded (Fig. 8A). This type of layer is very 
com mon and cov ers a large area of the in ner nod ule struc ture.
Mas sive in struc ture, dense and thick, they of ten con tain many
frag ments of micro fauna such as radiolaria and di a toms, which
may have grown within the sed i men tary pore space (Fig. 8B).

The dark lay ers with low re flec tivity con tain sig nif i cant
amounts of iron in the range of 5.7–17.9 wt.% and an in creased
con tent of sil i con, on av er age 3.93 wt.%, com pared to light
laminae. The Mn/Fe ra tio ranges from 1 to 5 and the con cen tra -
tion of Ni+Cu is rel a tively low at up to 3.43 wt.% whereas cop per 
ox ide in the form of CuO and nickel ox ide in the form of NiO is
~1 wt.%. Mea sure ments of the chem i cal com po si tion in
laminae on the microprobe showed sig nif i cantly lower an a lyt i cal 
sums, on av er age 83.36 wt.%. In gen eral, the an a lyt i cal sums
of the EPMA mea sure ments are of ten <100 wt.% be cause of
the high po ros ity of the nod ule struc tures and the high amounts
of wa ter within the crys tal struc ture of the dif fer ent ox ides (Ta -
ble 3, Appendicies 5 and 6). The dark lay ers usu ally grow as
fine laminae (Fig. 8C) but also in a den dritic form, of ten cre at ing
an mixed se quence of lay ers al ter nat ing with light lay ers
(Fig. 8D), or they ap pear as the last po rous layer in a se quence
of light laminae (Fig. 8E).

Within these lay ers, ir reg u lar po rous ar eas oc cur with com -
po nents such as feld spar, bar ite, il men ite, pyroxene as de ter -
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Fig . 7. REE di a grams nor mal ized to PAAS (af ter McLennan, 1989) of polymetallic nod ules from
the CCZ in the Pa cific Ocean

https://gq.pgi.gov.pl/article/downloadSuppFile/33049/4263
https://gq.pgi.gov.pl/article/downloadSuppFile/33049/4263
https://gq.pgi.gov.pl/article/downloadSuppFile/33049/4264
https://gq.pgi.gov.pl/article/downloadSuppFile/33049/4264
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Fig. 8. BSE im age of in ter nal struc tures in the polymetallic nod ules, with lay ers of high and low re flec tivity in di cat ing changes
in Mn/Fe ra tios

A – ex am ple of den dritic growth struc ture (D) and mas sive struc ture (M) in high-re flec tivity layer; B – mas sive struc ture con tain ing nu mer ous
frag ments of micro fauna such as radiolaria and di a toms; C – ex am ple of finely lay ered growth struc tures (L) in low-re flec tivity layer; D – den -
dritic form in mixed se quence of al ter nat ing dark and light lay ers and co lum nar growth in a low re flec tivity layer; E – ex am ple of lay ers with
den dritic growth struc tures and co lum nar growth (C) form ing mi cro scopic cau li flower-shaped struc tures; F – scan ning elec tron mi cro scope
im age of a po rous area con tain ing com po nents such as feld spar, bar ite, il men ite and pyroxene (rect an gle in Fig. 8C)



mined by the EDX anal y sis (Fig. 8F). The in ter nal struc ture of
nod ules also in cludes microfossil frag ments such as di a toms
and radiolaria, re placed by Mn (Fig. 9A, B, D). In many SEM im -
ages the mi cro or gan isms pres ent do not in ter fere with the
growth of sub se quent nod ule lay ers (Fig. 9C).

DISCUSSION

In these stud ies of nod ules from the IOM or ga ni za tion con -
ces sion block within the east ern part of the CCZ in the Pa cific
Ocean, their bulk-rock chem i cal com po si tion was de ter mined
us ing by ICP-MS, WD-XRF and GFAAS. Ad di tion ally, elec tron
microprobe (EPMA) and scan ning mi cros copy (SEM) stud ies
al lowed the point chem i cal com po si tion of in di vid ual lay ers in
nod ules to be de ter mined. The com par i son of bulk chem i cal
anal y ses of whole sam ples with the EPMA re sults shows a very
large dif fer en ti a tion of the chem i cal com po si tion be tween the
bulk-nod ule re sults and in di vid ual laminae in nod ules. These
CCZ nod ules have high con tents of met als such as Cu, Mo, Ni,
Co, Zn and REE. The bulk-nod ule av er age con tents of Cu and
Ni are very sim i lar, amount ing to ~1.1% and they are char ac ter -
is tic of CCZ, and sim i lar to those of In dian Ocean, nod ules
(1.04% Cu and 1.1% Ni, re spec tively; Jauhari and Pattan,
2000; Hein et al., 2013; Mukhopadhyay et al., 2018). In turn, the 

con tents of Cu and Co in the CCZ are much higher than, for ex -
am ple, for the Peru Ba sin (mean = 0.59% Cu, mean = 0.0475%
Co; Hein et al., 2013). Av er age co balt con cen tra tions in the
CCZ (= 0.15%) are sim i lar or slightly lower than those re ported
for the North-East Pa cific Ba sin. For ex am ple, Hein et al. (2013) 
for nod ules from the CCZ gives a mean value of 0.2098% Co,
and Kotliñski (1999) for CCZ of 0.214% Co, for the Cal i for nia
Ba sin of 0.136% Co, and for the Hawaian Ba sin  of 0.557% Co.
On the other hand, the mean con cen tra tions of Mn in the nod -
ules stud ied (28.7%) are sim i lar to or slightly higher than the
con tent re ported by other au thors for nod ules from other parts
of CCZ (e.g. 28.4% Mn; Hein et al., 2013) or the In dian Ocean
(24.4% Mn), but much lower than in nod ules from the Peru Ba -
sin (34.2% Mn; Wegorzewski and Kuhn, 2014).

Fig ure 10 com pares the re sults of the bulk-nod ule chem i cal
anal y ses from our work in re la tion to the re sults from other parts 
of CCZ and the Peru Ba sin by Wegorzewski and Kuhn (2014);
the Mn/Fe ra tio has no great ef fect on the Cu and Ni con cen tra -
tions. Fig ure 11 com pares the av er age con tents of se lected el -
e ments in nod ules from dif fer ent oce anic ar eas. Our re sults
from the CCZ are gen er ally sim i lar to those re ported for the
CCZ, though in the case of Co, Pb, Ba, Y, La, Ce and REY they
are slightly lower, while Li and Cu are slightly higher com pared
to the av er age lev els given by Hein et al. (2013). In gen eral
CCZ polymetallic nod ules com pared to nod ules from the In dian
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Fig. 9. Im age of scan ning elec tron mi cro scope (SEM) with micro fauna and min eral grains within a polymetallic nod ule

A – frag ment of radiolarian within high-re flec tivity mas sive layer; B – radiolarian mould and quartz grains; C – cross-sec tion through the
mid dle part of a polymetallic nod ule rich in mi cro or gan isms and min eral grains of ti tan ite and mica, the micro fauna does not sig nif i cantly

dis turb the growth of the new lay ers; D – sec tion through radiolaria



Ocean have sim i lar con cen tra tions of Mn, Fe, sum of Co + Cu 
+ Ni, Zn, Mo and V, and much lower, in the case of Pb, Sc, Y,
La, Ce and REY but higher for Co and Li. In nod ules from the
Peru Ba sin there are also much lower con cen tra tions of Co,
Pb, La, Ce and REY than in the CCZ nod ules. In the Cook Is -
land nod ules, much lower con cen tra tions of Cu, Ni, Zn, Mo, Li 
and Ba are ob serv able, but higher lev els of Co, Pb, As, Y, La,
Ce and REY. In nod ules from the Gulf of Cadiz and from the
south ern part of the Bal tic Sea, metal con cen tra tions are
much lower, at the level of tens to hun dreds of ppm. It is char -
ac ter is tic that for the nod ules with the low est Cu and Ni con -
tents (Bal tic Sea and Gulf of Cadiz) the high est av er age Fe
con cen tra tions and the low est Mn con tents are found. The
mean Mn/Fe ra tio in the nod ules we in ves ti gated (= 5.3) is
higher than that re ported for CCZ (= 4.6) by Hein et al. (2013). 
Com pared to other ar eas, the mean Mn/Fe ra tios in the nod -
ules vary from 5.58 for the Peru Ba sin to 0.16 for the Gulf of
Cadiz (Fig. 12). The Th/U ra tio for the sam ples we ex am ined,
at 3.3, is sim i lar to other data from the CCZ (= 3.6; Hein et al.,
2013). Com par i son with other ar eas shows that sim i lar val ues 
are char ac ter is tic of nod ules from the Cook Is land EFZ, while
sig nif i cantly lower valyes oc cur in nod ules from the Peru Ba -
sin (= 1.6), the Gulf of Cadiz (= 1) and the Bal tic Sea (= 0.7).

Com par ing the metal con tent of deep sea de pos its with
land re sources, they may be come of great im por tance in the
fu ture at the time of de ple tion of on shore re sources (e.g.,
Mor gan, 2000; Kotliñski et al., 2008; Kotliñski, 2011; Hein et
al., 2013, 2015). Fig ure 13 shows the me dian val ues of bulk
rock geo chem is try stud ies of nod ules from the CCZ and
Kupferschiefer de pos its in Po land for com par i son. Much
higher con tents in nod ules were found for such el e ments as
Mn, Ni, Co, Mo, Ce, Tl, La, Y, Sb, Cd and As. More over, from
the Kupferschiefer de pos its, crit i cal el e ments con tinue not to
be re cov ered in due to the eco nomic unprofitability of their ex -
trac tion and the lack of ap pro pri ate tech nol o gies.
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Fig. 10. Com par i son of Mn/Fe vs. Ni and Cu con tents of bulk
polymetallic nod ules from our study with other data from the
CCZ and from the Peru Ba sin in the Pa cific Ocean (af ter
Wegorzewski and Kuhn, 2014)



The chem i cal com po si tion of nod ules is con trolled by sev -
eral fac tors such as the type of for ma tion (diagenetic,
hydrogenetic and/or mixed type), the geo graphic lo ca tion and
wa ter depth, growth rate as well as source of met als or lo cal ex -
change be tween oxic and anoxic con di tions (Koschinsky and
Hein, 2003; Hein et al., 2013; Kuhn et al., 2017).  The re sults of
our geo chem i cal stud ies al lowed de ter mi na tion not only of the
chem i cal com po si tion of polymetallic nod ules from the CCZ in
the Pa cific Ocean but also their gen e sis. Val ues of Mn/Fe ra tio
£5 in polymetallic nod ules are char ac ter is tic of a hydrogenetic
or i gin, and val ues of Mn/Fe ra tio ³5 for diagenetic ones
(Halbach et al., 1988). Fur ther more, hydrogenetic nod ules have 
high con tents of high field strength el e ments such as Ti, REY,
Zr, Nb, Ta, Hf as well as Co, Ce and Te (Koschinsky and Hein,
2003). A good ex am ple of hydrogenetic or i gin nod ules are
those from the Cook Is lands EEZ in the Pa cific Ocean.

Diagenetic or i gin nod ules are en riched in Ni, Cu, Ba, Zn, Mo, Li
and Ga (von Stackelberg, 2000). Typ i cal ex am ple of diagenetic
nod ules are those from the Peru Ba sin, though they have lower
Cu con tents due to more ef fi cient Cu re cy cling in car bon ate
sed i ments as com pared to the si li ceous sed i ments of the CCZ
(Wegorzewski and Kuhn, 2014). The geo chem is try of our
polymetallic nod ules are char ac ter is tic of a mixed diagenetic
and hydrogenetic or i gin, which is a char ac ter is tic fea ture of
nod ules from the CCZ (Wegorzewski and Kuhn, 2014, with ref -
er ences therein). In dian Ocean nod ules from the cen tral part of
the ba sin are rel a tively rich in Mn, Ni and Cu and are of
diagenetic or mixed type, while nod ules from the south ern part
are rich in Fe and Co and are hydrogenetic in or i gin (Jauhari
and Pattan, 2000). How ever, nod ules from the Cen tral In dian
Ocean Ba sin gen er ally show lower metal con tents in com par i -
son with nod ules from the CCZ (Hein et al., 2013). Nod ules
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Fig. 11. Com par i son of mean value (in ppm) for se lected el e ments (in ppm) in nod ules
from dif fer ent parts of the world (data af ter var i ous au thors)

Fig. 12. Com par i son of mean val ues of Mn/Fe and Th/U ra tios in nod ules from dif fer ent parts
 of the world (data af ter var i ous au thors)



from the re search area have a mixed gen e sis be tween
hydrogenetic (H) and diagenetic (D). The ra tio of man ga nese to 
iron is char ac ter is tic, with an arith me tic mean of 5.3 (n = 10;
range from 4.6 to 6.9). The val ues of the Mn/Fe ra tio are typ i cal
for mixed type polymetallic nod ules (HD) be tween the
hydrogenetic types that grow on the sur face of the sed i ment in
an ox i diz ing en vi ron ment and the diagenetic type form ing in the
bot tom sed i ment. Our geo chem i cal stud ies of polymetallic nod -
ules from the CCZ zone are con sis tent with pre vi ous stud ies
(e.g., Kotliñski, 2011; Abramowski and Kotliñski, 2011;

Zawadzki et al., 2015). On the ter nary di a gram af ter Bonatti et
al. (1972) they have sim i lar po si tions be tween the fields of
hydrogenetic and early diagenetic growth (Fig. 14).

On the di a gram af ter Bau et al. (2014) the nod ules stud ied
are clas si fied as of mixed type, e.g. diagenetic and
hydrogenetic (Fig. 15A, B).

More over, the nod ules stud ied show no Ce anom aly which
is also a typ i cal fea ture of east ern CCZ mixed-or i gin nod ules
(Hein et al., 2013). As re gards rare earth el e ments, nod ules
from the CCZ con tain al most 4 times more REY than e.g. Bal tic
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Fig. 13. Com par i son of the me dian con tent of se lected el e ments in bulk-rock 
sam ples of polymetallic nod ules from the CCZ in the Pa cific Ocean (blue)
rel a tive to me dian con tents in the bulk-rock sam ples of the Kupferschiefer
(red) world-class de pos its in Po land (af ter Mikulski et al., 2020)

Fig. 14. A ter nary di a gram of Fe-Mn-(Ni + Cu)*10 ac cord ing to Bonatti et al. (1972) with
data from Wegorzewski and Kuhn (2014) and Hein et al. (2015) show ing the bulk-nod ule 

re sults and re la tion ship be tween dif fer ent ge netic types of nod ules



nod ules (620 ppm/165 ppm). Fig ure 16 shows the shale
(PAAS)-nor mal ized (af ter McLennan, 1989) rare earth el e ment
and yt trium con tents of these nod ules from CCZ in di cat ing for
their mixed or i gin be tween the diagenetic and hydrogenetic end 
mem bers af ter Kuhn et al. (2017).

The re sults of our geo chem i cal stud ies as re gards the gen e -
sis of the nod ules are con sis tent with the EPMA stud ies. On
their ba sis, it was found that laminae are dif fer ent in chem i cal
com po si tion, den sity, growth struc tures and re flec tivity which
makes it pos si ble to as sess by which pro cesses (hydrogenetic
or diagenetic) their for ma tion took place. Ac cord ing to
Koschinsky and Hein (2003), Hein et al. (2013), Wegorzewski
and Kuhn (2014), Kuhn et al. (2017), the hydrogenetic lay ers

have a Mn/Fe ra tio >5 and in creased con tents of Ti, Zr, Nb, Co
and Te. Growth of hydrogenetic nod ules is a very slow pro cess 
at ~1 to 10 mm per mil lion years (Hein and Petersen, 2013).
Laminae formed as a re sult of diagenesis in anoxic con di tions
grow at rates of up to a hun dred mm per mil lion years (Hein and
Petersen, 2013) and have Mn/Fe ra tios >5 and higher Ni, Cu,
Zn, Mo and Li val ues. In the case of the nod ules in ves ti gated, it
was ob served that the laminae formed as a re sult of
hydrogenesis had in creased val ues of Co, Si, Cl, S and were
also rich in Fe and Ca and de pleted in Mn, Cu, and Ni. These
fea tures in di cated that they arose as a re sult of pre cip i ta tion
from ox i diz ing sea wa ter (Koschinsky and Halbach, 1995;
Koschinsky and Hein, 2003; Wegorzewski and Kuhn, 2014;
Kuhn et al., 2017; Wegorzewski et al., 2020). Hydrogenetic
growth oc curs at the wa ter-sed i ment in ter face, where met als
and other ions are ab sorbed di rectly from oxic sea wa ter. The
struc ture of the sur face of the nod ules formed by hydrogenetic
means is smooth, dense and there is less sed i ment on the sur -
face.. Laminae formed as a re sult of diagenesis had in creased
lev els Cu, Ni, Mg, Zn, Al, Na and K. These metal con tents as
well as Mn/Fe >5 in di cate for ma tion un der diagenetic con di -
tions. Diagenetic nod ules, rich in Mn, Cu and Ni with a rel a tively
lower con tent of Fe and Co are formed by metal sup ply met als
from suboxic wa ter through the pores of the sed i ment. The sur -
face struc ture of diagenetic nod ules is rough (Halbach et al.,
1988; Beiersdorf, 2009). As noted by Mewes (2014) and
Benites et al. (2018), the lay ers formed in diagenetic pro cesses
also form un der suboxic con di tions. This is char ac ter is tic of the
nod ules from the CCZ area.

Our re sults sug gest that polymetallic nod ules from the re -
search area in ves ti gated are most of ten a mixed type, be tween
diagenetic and hydrogenetic, al though there are also nod ules
re sult ing only from diagenesis. Thus, from 245 EMPA mea -
sure ments of the chem i cal com po si tions of lay ers, only 53
showed fea tures char ac ter is tic of hydrogenetic growth. Fig -
ure 17 shows that our EPMA re sults of polymetallic nod ule
sam ples from the CCZ are very sim i lar to the re sults of
Wegorzewski and Kuhn (2014). Low-re flec tivity lay ers (type 2)
are char ac ter ized by a low con tent of the sum of Ni and Cu and
the Mn/Fe ra tio does not ex ceed 5. In the case of high-re flec -
tivity lay ers (type 1), the con tent of Ni and Cu is much higher,
but there are also lay ers with lower amounts of the sum of these 
el e ments.

The ge netic type of polymetallic nod ules can also be as -
sessed mac ro scop i cally, tak ing into ac count the lo ca tion of the
car bon ate com pen sa tion depth (CCD). Ac cord ing to Kotliñski
(1999), hydrogenetic, smaller smoother nod ules oc cur more of -
ten above and at the limit of the CCD, while diagenetic, larger
and rougher nod ules form be low the CCD. Dif fer ences in the
sizes of the polymetallic nod ules re flect their struc tural fea tures
as so ci ated with dif fer ent growth rates (Halbach et al., 1981,
1988; Kotliñski, 1999). Many polymetallic nod ules, es pe cially
large ones, show char ac ter is tic fea tures of diagenetic growth
where the nod ules are in con tact with sed i ment and
hydrogenetic growth at the place of di rect con tact with wa ter.
De spite the char ac ter is tic mac ro scopic ap pear ance of the nod -
ule types, their in ter nal struc ture and metal con tent may in di -
cate a mixed or i gin.

CONCLUSIONS

1. The nod ules stud ied from the Clar ion-Clipperton Frac ture 
Zone in the Pa cific Ocean are from 3.3 to 7.6 cm across and
discoidal to el lip soi dal in shape, usu ally with a smooth up per
sur face and rough bot tom parts. They have a char ac ter is tic
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Fig. 15. Di a grams for the de ter mi na tion of the or i gin of dif fer ent
ge netic types of ma rine Fe-Mn (oxyhydr)ox ide nod ules af ter
Bau et al. (2014) with our polymetallic nod ule sam ples from the
CCZ zone marked as well as other nod ules from the CZZ, Peru
Ba sin and Cook Is land af ter var i ous au thors

A – CeSN/CeSN* ra tios vs. Nd con cen tra tion; B – CeSN/CeSN* ra tio
vs. YSN/HoSN ra tio
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Fig . 16. Shale (PAAS)-nor mal ized (af ter McLennan, 1989) rare earth el e ment and yt trium
con tents (REY) of nod ules from the CCZ in di cat ing for their mixed or i gin be tween the

diagenetic and hydrogenetic end mem bers (af ter Kuhn et al., 2017)

Fig . 17. Ni +Cu vs. Mn/Fe ra tios of type 2 lay ers of nod ules from the CCZ and Peru Ba sin af ter
Wegorzewski and Kuhn (2014) com pared with our EPMA re sults of polymetallic nod ule

sam ples from the CCZ



con cen tric struc ture in which thin laminae (1 to 2 mm thick) of
Mn-Fe (oxyhydr)ox ide crys tal lize around a for eign nu cleus.
EPMA re vealed that two types of layer can be dis tin guished,
which dif fer in shape, thick ness and re flec tivity that is in dic a tive
of dif fer ent el e ment con tents. High-re flec tivity lay ers are thicker
then low-re flec tivity lay ers. They are po rous and rounded and
usu ally grow in den dritic or mas sive forms. Mas sive parts are
dense and thick and of ten con tain ing nu mer ous vis i ble frag -
ments of micro fauna such as radiolaria and di a toms that may
have grown within the pore space of the sed i ments. This type of
lamina con tains a high value of Mn (mean 44.8 wt.%), low Fe
con tent (0.86 wt.%) and con cen tra tion of Ni+Cu (up to
6.4 wt.%). The Mn/Fe ra tio ranges from 5.5 to 1148.8. This type
of layer is very com mon and cov ers a large area of the in ner
nod ule struc ture. Low-re flec tivity lay ers usu ally grow in the form
of fine lam i na tion but also in a den dritic form, com monly cre at -
ing an mixed se quence, in al ter nat ing with light lay ers. They
con tain sig nif i cant amounts of Fe (5.7–17.9 wt.%) and of sil ica
(in av er age 3.93 wt.%). The Mn/Fe ra tio ranges from 1 to 5 and
the con cen tra tion of Ni+Cu is rel a tively low (up to 3.43 wt.%).

2. The bulk-nod ule geo chem i cal stud ies (ICP-MS, WD-XRF 
and GFAAS) from the CCZ showed that they are built mainly of
MnO (35.8–39.5 %), SiO2 (12.2–13.7 %), Fe2O3 (6.3–8.8%)
and Al2O3 (4.1–4.7%). They have strong en rich ment in Cu
(1.1–1.4%), Ni (1.1–1.2%), Ba (1472–3965 ppm), Co
(1297–1711ppm), Zn (1263–1683 ppm), Mo (518–672 ppm), V

(381–447 ppm), Pb (193–251 ppm), Li (118–203 ppm) and
SREY (553.6–677.4 ppm). The polymetallic nod ules from the
CCZ are much richer in some el e ments (Cu, Ni, Zn, Mo, Ba and
SREY) than nod ules from other ar eas (e.g. Cook Is land EFZ,
Gulf of Cadiz and Bal tic Sea). The nod ules from the Peru ba sin
have a higher av er age con tents of Ni, Zn, Li and Ba but much
lower Cu and Co con cen tra tions when com pared with our data
from CCZ.

3. The bulk-nod ule ra tio of Mn/Fe is in the range 4.6–6.9
(mean = 5.3) and is char ac ter is tic of nod ules of mixed or i gin
con sist ing of hydrogenetic and diagenetic growth struc tures.
More over, their mixed or i gin is con sis tent with the po si tions of
our sam ples on the discriminant di a grams of Bonatti et al.
(1972) and  Bau et al. (2004). Fur ther more, the char ac ter is tic
REY pat tern of the shale (PAAS af ter McLennan, 1989)-nor -
mal ized nod ules from the CCZ also in di cate their mixed or i gin
be tween the diagenetic and hydrogenetic end mem bers (af ter
Kuhn et al., 2017).
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