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F o u r h u n d red  m em brane filte rs from  th e  A tlan tic  and  Pacific deep w aters have b een  scanned fo r co lou red  and  
o p aq u e  partic les by  a  m e th o d  in teg ra ting  th e  ligh t an d  th e  scanning e lec tron  m icroscopes, th e  e lec tron  m icroprobe 
and th e  m icro-X -ray d iffrac tio n  cam era. A bou t 4 0  d iffe ren t ty p es o f  partic les have been found . A ten ta tiv e  classification 
o f  th e  partic les an d  o f  the ir  m orpholog ica l an d  chem ical varieties is p resen ted , according to  th e ir  an th ropogen ic  or 
n a tu ra l origins. F ro m  th is p o in t o f  view, th e  partic les fall in to  five groups: (1) partic le  species exclusively p roduced  
b y  m an ’s activ ities (like brass, cobalt a lum ínate); ( 2 ) partic les exclusively p ro d u ced  b y  n a tu ra l processes (like am phi­
b o le , ilm en ite); (3) partic les rare ly  p ro d u ced  by  n a tu ra l processes, b u t m assively so by  m an (like m etallic  copper, 
ch rom ium  ox ide); (4) a large g roup o f  partic les massively p ro d u ced  by  n a tu re  and  b y  m an  (like m agnetite  spherules, 
m alach ite); (5) a very small g roup o f  partic les w hose origin could  n o t be  a ttr ib u te d  a t  p resen t. V ery  few  en tirely  
new  co m p ounds from  th e  p o in t o f  view o f  co n tin en ta l m ineralogy have been  enco u n te red .

1. In troduction

It has rarely been attem pted to  investigate directly 
which particles are brought to  the oceans by human 
activities and to  estimate their contribution to  the 
suspended solid load o f the deep ocean waters. Most 
o f w hat we know stems from  isotopic, radioactive 
and trace elem ent data obtained on bulk samples, and 
from  calculated enrichm ent factors. These data shed 
no direct light on the spéciation o f the elements, 
including the heavy metals, and consequently, on 
their anthropogenic or natural origin.

One o f the early objectives o f  GEOSECS [1] was 
to  assess the reality and the ex ten t o f  m an’s inputs to 
the oceans [2]. Under the GEOSECS program, for 
the first tim e an extensive collection o f  first rate 
samples o f  marine particulate m atter uniform ly 
filtered and w ith due precautions taken against in 
situ, on-board and laboratory contam ination has been 
made available [3].

G EOSECS P ub lica tion  N o. 126.

2. Experim ental principles and m ethods

What principles and m ethods are available to  dis­
tinguish possible anthropogenic particles? A prelim in­
ary review o f inorganic particles em itted by globally 
significant sources, like metal smelting, welding and 
machining, fossil fuel burning, cem ent fabrication and 
handling, etc., had shown tha t the products o f  these 
sources fall into four broad optical categories [4] (o f 
which examples are given):

(1) Opaque particles o f  high to  low reflectivity 
(welding spherules, soot, m etal flakes).

(2) Transparent, colourless com pounds o f  high 
refractive index (pigm entary titanium  oxide).

(3) Transparent, coloured com pounds o f  high to  
m edium  refractive index (iron hydroxide, copper and 
brass patina).

(4) Transparent, colourless com pounds o f  medium 
to  low refractive index (fly ash, concrete dust).

From  a practical point o f view, and according to  
the experience o f  our laboratory, it appeared th a t the 
first three groups could easily be distinguished by an 
experienced optical microscopist, whereas the last
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one could easily be overlooked for lack o f  prom inent 
features. It was thus decided to  concentrate on the 
opaque, coloured and highly refracting particles. 
Despite the fact tha t the optical microscope is an 
excellent means to  sort ou t particles, it is inadequate 
to  yield the chemical data necessary to  identify u n ­
know n particles in samples in which a priori almost 
anything could be found.

We had previously developed a m ethod in our 
laboratory by which particles collected on membrane 
filters can be selected visually under the light m icro­
scope (LM), equipped w ith transm itted , reflected and 
polarized light and oil-immersion objectives (5). The 
selected individual particles may be subsequently 
relocated and analyzed under the scanning electron 
m icroscope (SEM) equipped w ith an electron m icro­
probe attachm ent (EMP), and their structure eventu­
ally determ ined w ith a micro-X-ray diffraction 
camera. Integration o f  the optical, morphological, 
chemical and structural data, and their com parison 
w ith the published data can generally yield an unam ­
biguous identification. This m ethod, which had been 
devised for lunar and cosmic particles, was easily 
adaptable to  the oceanic problem  and to  the Nucle- 
pore filters used in the GEOSECS expeditions w ith 
few changes.

During preliminary studies on a series o f  filters 
from  the HARMATTAN cruise ( “Jean-Charcot” cruise 
HLT-71, sponsored by the French Centre National de 
la Recherche Scientifique (CNRS)), it had been ob­
served th a t our m ethod has tw o more advantages, 
when looking for rare species among oceanic partic­
les:

(1) Most o f the particles, overwhelmingly com ­
posed o f  opal (diatom s and diatom  debris), calcium 
carbonate (coccoliths and coccolith debris), light- 
elem ent silicates (clay, felspar, quartz) disappear from  
sight under oil im m ersion, since they are transparent, 
colourless and low to  m edium  refracting.

(2) In contrast, the coloured, or high-refracting, or 
opaque particles are visually enhanced, so that 
extrem ely rare particles, even when present at the 
IO”6 or IO”7 concentration level, are easily caught by 
the eye.

On the other hand, it has been our experience that 
LM and SEM pictures o f  the same fields appear 
extrem ely different, since the abundant, transparent 
particles reappear under the SEM. This is extrem ely

troublesom e, and makes re-finding o f  the particles 
selected under the LM impossible. One thus needs a 
very precise device to m ark the selected particles under 
the LM down to the 1 jum scale, if  one wants to  take 
advantage sim ultaneously o f the sorting abilities o f  the 
LM and the m orphological and analytical abilities o f 
the SEM-EMP. This need has been fulfilled by the 
development o f a high-precision object m arker [6]. It 
im prints a straight line symm etrical on bo th  sides o f  a 
visually selected particle fixed on the filter (Figs. 1 
and 2). This line can later easily be found again under 
the SEM, whatever the tilt angle o f  the filter, and the 
particle precisely located, no m atter how  crowded 
around it is by transparent particles.

3. Results

Using this m ethod, we have scanned about 400 
filters provided by the GEOSECS, CNRS and Woods 
Hole Oceanographic Institu tion  cruises. A list o f 
studied stations, num ber o f  filters, and a discussion of 
the possible contam ination problems is found in a 
previous paper devoted to  the Cu-Zn-Pb minerals 
which have been discovered mainly in the North 
A tlantic [7].

This search was primarily aimed at the optically 
obvious or distinctive particles, among which it was 
thought tha t the anthropogenic contributions could 
be found and recognized m ost easily. During the 
course o f  the study, less distinctive particles were 
found by chance: elem entary sulfur, zinc carbonate 
and zinc hydroxy chloride. Barite, which is present as 
very small and indistinguishable particles [8] has been 
found by purely EMP mapping techniques. These 
finds suggest tha t some more colourless species must 
exist in seawater, and th a t our findings are certainly 
no t closed.

A summary o f  all rare particle species found to  
date is given in Table 1, along w ith descriptive and 
chemical data, and references pertaining to  their 
determ ination and to their previously observed occur­
rences in natural and industrial environm ents. This 
list is obviously no t a determ inative scheme, which 
will be published later. Definite mineral names have 
been given to  the com pounds for which an X-ray dif­
fraction film was obtained which m atched the reflec­
tions o f  a candidate w ith com patible optical and
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TA BLE 1

Types o f partic les found  in deep ocean w aters

C hem ical or descrip tive nam e M ineralogical nam e C hem ical com position
(m ajor and m inor elem ents)
or form ula

D iagnostic fea tu res and references

M etals, a lloys a n d  elem ents  

M etallic iron  iron

Stainless steel -

M etallic copper copper

C opper zinc alloy

M etallic a lum inum

E lem entary  sulfur

Sulfides  

Iro n  sulfide

Zinc sulfide

C opper sulfide

O xides a n d  h yd ro x id es  

R ed iron  oxide

Black iron  oxide

Iro n  titan iu m  oxide 

T itan ium  oxide

brass

alum inum

sulfur

(py rite  or 
m arcassite)

(sphalerite)

(covellite)

(h em atite )

(m agnetite )

(ilm enite)

(ru tile)

Fe

Fe, Ni, Cr (M n, Cu) 

Cu

Cu, Zn (Sn, S)

Al

S

F eS 2

ZnS

C u2 S

F e 2 0 3

F e 3 0 4

F e T i0 3

T iC ^.te tragonal

jagged flakes, h ighly reflec ting  in 
w hite  [4 ,10 ,11 ]

jagged flakes, highly reflecting  in 
w hite  [4 ,12]

I flakes, highly reflecting  in 
copper-red ; som etim es altered  to  
(p ara )ten o rite  an d /o r  m alachite 
[4 ,7 ,1 0 -1 2 ]

jagged flakes, h ighly reflec ting  in 
gold-yellow ; som etim es a ltered  to 
(p ara )ten o rite  an d /o r  m alachite 
[4 ,7 ,12]

jagged flakes, highly reflec ting  in 
w hite  [4 ,12]

crystals [13 ,14] (fig. 3)

octah ed ra ; po ly  crystalline aggregate 
[1 0 ,1 3 -1 6 ]

iso trop ic  fragm ents, tran sp aren t in 
dark  b row n , w ith  high op tical re lief 
[4 ,1 0 -1 2 ,1 4 ]

opaque, highly reflec ting  and aniso­
tro p ic  sulfur-rich p a tches on  ten o rite  
[10 ,1 1 ,1 4 ,1 7 ,1 8 ]

spheres, fragm ents, hexagonal p latelets 
(fig. 4 ), tran sp aren t in deep-red; sized 
m icro-crystals m ixed w ith  o th e r  p igm ents 
(fig. 9) [4 ,1 0 —12, 14]

op aque spheres (fig. 5 ), oc tah ed ra , frag­
m en ts o f  low reflec tiv ity  [4 ,1 0 -1 2 ,  
14 ,19 ,20]

sem i-transparen t to  opaque fragm ents 
o f  low  re flec tiv ity  [ 1 0 , 1 1 ]

tran sp aren t prism s (fig. 6 ) and  b ro k en  
fragm ents o f  high op tica l re lief; spher­
o idal m icro-crystals, w eakly  transparen t 
in dark  b ro w n  (fig. 7) and  highly re flec t­
ing in w hite , freq u en tly  clustered 
[4 ,1 0 -1 2 ,2 1 ]
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Table 1 (con tinued )

C hem ical or descrip tive nam e M ineralogical nam e C hem ical com position  D iagnostic fea tu res and references
(m ajor and  m inor elem ents)
or fo rm ula

C opper oxide

C hrom ium  oxide

C obalt a lum ínate  

A n tim o n y  oxide 

Iron  hydro x id e

Sulfa tes  

Barium  su lfate

S tro n tiu m  sulfate

* te n o rite  and 
p a ra ten o rite

(eskolaite)

cob a lt blue

(valentin ite)

(goeth ite )

(barite)

(celestite)

C opper zinc hyd ro x y - 
carbonate

(m alach ite /
rosasite)

C u 0 m O n o c l .  a n t  ̂
C uO tetragonal

C r2 0 3

C oA l2  O 4  

Sb 2 0 3

FeO  • O H (A l, Si, S, Cl, Ca, Ti, Cr, 
Mn, Ni, Cu, Z n, Pb)

BaSC> 4  (Sr)

S rS 0 4  (Ba)

Carbonates a n d  h y d r o x y  carbonates

C opper h y d ro x y  ca rb o n a te  * m alach ite  C u 2 ( C 0 3) (O H ) 2  (Z n , Cl, Pb)

Lead (h y d ro x y ) carb o n a te  (cerussite  or

(C u ,Z n)2 ( C 0 3 )(O H ) 2  (Cl, Pb)

P b C 0 3  o r P b 3 (C 0 3 ) ( 0 H ) 2

Z in c (h y d ro x y )c a rb o n a te

h y d ro x y ceru ssite ) (Cu, Zn)

Z n C 0 3  o r Z n s (C 0 3 )2 ( 0 H ) 6(sm ithson ite  or 
h ydrozincite)

Iro n  m agnesium  carb o n a te  (m esitine)

Cerium  lan th an u m  fluo- (bastnaesite)
carb o n a te

(F e ,M g )C 0 3  

(C e,La) CO 3  • F

flakes, tran sp aren t in dark  b row n 
(ten o rite ) ; b lack spheres (p ara ten o rite ); 
as a lte ra tio n s o f  copper and brass [7 ,10 , 
11,14]

spheroidal, sized m icro-crystals, w eakly 
tran sp aren t in dark  b ro w n , brigh tly  
reflec ting  in vivid green, o ften  c lu s te r­
ed [ 1 0 - 1 2 ]  (Fig. 8 )

fragm ents, tran sp aren t and reflecting  
in b righ t b lue [ 1 2 ]

tran sp aren t, colourless crystals m ixed 
to  o th e r  p igm ents [1 2 ,1 3 ] (Fig. 9)

flakes, pellets, fragm ents (F ig. 10), 
aggregates o f  m icro-crystals, spherules, 
tran sp aren t in light yellow  to  dark  
b row n  [4 ,1 0 ,1 1 ,2 2 ,2 3 ]

tran sp aren t, colourless crystals, 
pelle ts, fragm ents, sphero ids o f  m edium  
refrac tiv ity  [4 ,8 ,1 2 ,1 3 ]

sam e [8 ,1 3 ,2 4 ] A cantharia  spines 
and  fragm ents [ 8 ]

pale green to  em erald  green flakes, 
crystals, pe lle ts, fragm ents, incrusta­
tio n s (Fig. 11); a lte ra tio n  o f  copper 
and brass [7 ,1 3 ,2 5 -2 7 ]

m alachite-looking partic les w ith  high 
am o u n ts  o f  Z n  [7 ,13]

L aurion ite-look ing  partic les devoid 
o f  chlorine [7 ,1 3 ,2 5 ,2 8 ]

colourless, m edium  refracting  flakes 
[7 ,13 ,25 ]

tran sp aren t, greenish fragm ents [13] 

yellow  crysta l o f  high refrac tiv ity  [13]

H y d r o x y  chlorides 

C opper h y d ro x y ch lo rid e

Lead h y d ro x y ch lo rid e

(a tacam ite  or 
para tacam ite)

* lau rion ite

Cu2Cl(OH)3i0rth. 0 1  C u 2 CKOH ) 3  trjg malachite-looking particles containing
(Zn, Pb) high am ounts o f chlorine [7 ,1 3 ,2 5 ,2 7 ]

Pb(O H ) Clo r th. (Cu, Zn) crystals, fragm ents, needles, po lycryst- 
aline aggregates, in c ru sta tio n s (Fig. 12) 
tran sp aren t in dark  b row n , highly 
reflec ting  w ith  pearly  haze [7 ,1 3 ,2 5 ,2 8 ]
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TABLE 1 (con tinued )

Chem ical or descriptive nam e M ineralogical nam e C hem ical com position
(m ajor and m ino t elem ents)
or fo rm ula

D iagnostic fea tu re s and references

Z inc hy d ro x y ch lo rid e  

Silicates

Calcium  iron  alum ino- 
silicate

Sodium  alum inum  sulfo- 
silicate

Glass spheres

Carbonaceous particles 

Iro n  vanadium  carbide 

Coal

C oenospheres 

Black sausages

W hite sausages

B row n spheres

(py ro x en e  or 
am phibole)

(u ltram arine) 

(fly  ash)

coal

several com pounds

Ca, Al, Fe, Si, Mg (Ti, Mn)

N a 5 A Í 6 S i g 0 2 4 S 2

Ca, Al, Fe, Si (Ti)

Fe, V (S)

(Fe, S, Cl, Ca, Al, Si) 

(Fe, S, Cl, Ni, V)

(au to m o b ile  soot) (Fe, S, Cl, Cr, V , Ni, Cu, Z n, Br, Pb)

(fecal pellets) (Al, Si, S, Cl, Ca, T i, Fe, Zn)

(algae?) (Al, Si, S, Cl, K, Ca, T i, Fe, Ni, Cu, Zn)

p o lycrysta lline  aggregates (Fig. 13) and 
decaying crystals (Fig. 14) [25]

G reen, tran sp aren t shards and fragm ents 
[29 ,30]

fragm ents tran sp aren t in b righ t b lue, 
o f  low reflec tiv ity  [12 ,29]

colourless spheres w ith  gas bubbles 
[4 ,19]

op aque fragm ents o f  low  reflec tiv ity

transp aren t to  opaque fragm ents o f 
low reflec tiv ity  w ith  cell rem ains [4]

hollow , opaque spheres, reflecting  in 
b ronze-brow n and an iso trop ic  [4 ,31]

elongated  bod ies o f  agglom erated , sized 
spheroids, o p aque and  reflec ting  in 
b row n-black  [4] (Figs. 15, 1 6 ,1 7  and 
18)

elongated  bod ies, tran sp aren t in 
am ber-yellow , w ith  n um erous included 
and adsorbed  m icro-partic les (Figs. 19, 
2 0 , 2 1 , and  2 2 ).

sphero idal partic les, tran sp aren t in 
light to  dark  b ro w n , contain ing  opaque 
inclusions, and very w eakly  reflecting; 
iso lated  or c lustered  [32] (Figs. 21,
23 and 24)

: D efin ite  d e term inations.

chemical data [9—11]. These definitely determ ined 
minerals are marked w ith an asterisk.

One ventured to  give mineral names (between 
brackets) to  the com pounds which presented a set o f 
optical, morphological and chemical properties suffi­
ciently definite to  suggest a provisional, yet sound, 
solution. The decision to  classify a com pound as 
oxide, hydroxide or carbonate has been made after 
considering the optical and morphological properties, 
as well as the positive and negative chemical data,

since oxygen and carbon are not detected by our 
EMP. Let us take the difficult case o f  cerussite/hydro- 
cerussite as an example.

We observed some particles which looked like 
laurionite but which contained neither chlorine, 
silicon, nor phosphorus. It could either be a carbon­
ate or hydroxy carbonate, an oxide or hydroxide, 
but also a sulfate or hydroxysulfate, since energy dis­
persive spectrom eters are unable to  separate sulfur 
from  lead at 2.3 keV. One had thus to  rely on optical
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data to make the final decision. These data exclude 
im m ediately the oxides, since the four known lead 
oxides (litharge, massicot, plattnerite and minium) 
are respectively red, yellow, black and red, and have 
high refractive indices. Lead hydroxides are entirely 
unknow n from  the continental mineralogy. F ortu ­
nately, like laurionite, our mineral presented a pearly 
haze when observed at high magnification under 
reflected, polarized light. The lead sulfate, anglesite, 
does no t display that haze.

Such determ inations may look flimsy to  the con­
tinental mineralogist, bu t they are proposed here as 
challenges to  go farther.

Organic com pounds were nam ed according to  their 
optical and morphological properties. Nicknames 
have been used for very definite recurrent com pounds 
for which nom enclature is still in a preliminary state.

The filters studied were mainly from the Atlantic 
Ocean, but about 100 Pacific filters have been 
scanned, mostly from the central South Pacific 
(GEOSECS stations 257, 263, 269, 310). No striking 
difference was observed between the Atlantic and the 
Pacific particle types, except for one orange com ­
pound, possibly organic, in the Pacific. The descrip­
tions are thus largely valid for bo th  oceans.

Fig. 1. P o rtio n  o f  filte r a f te r  m ark ing  11 partic les. Small 
in te rru p te d  lines: traces o f  o b jec t m arker in  th e  filte r. A rrow : 
place o f  partic le  E l  9 d isp layed in Fig. 2. Large w h ite  lines: 
ou tline  c u t w ith  a lan ce t before  s tripp ing  the  filte r p o rtio n  
from  th e  glass slide an d  bringing it u n d er th e  SEM /EM P. S ta­
tio n  2111 A TLA N TIS II 85-2 cruise (= GEO SECS s ta tio n  
120), 2195 m (LM. T ransm . Pol. W idth o f  p ic tu re  = 9 m m .)

Fig. 2. O b ject betw een  m arks. O bject E 19; s ta tio n  2111, 
2195 m . (LM. T ransm . Pol. W idth o f  p ic tu re  = 615 pm .)

A few com m ents, which could n o t be fitted  in Table 
1 are given here.

Iron and stainless steel flakes. Ferrous particles never 
occur on the filters as machined particles (turnings), 
which would have indicated a nearby source (shop 
contam ination), or a very recent input. Rust is never 
observed on the particles, indicating either a very 
rapid alteration, or the preservation o f  a part o f  the 
metallic iron injected in the oceans by some passiva­
tion mechanisms.

Fig. 3. C rysta llized  su lfur. S ta tion  211 1 , 954  m . (SEM. Sec. 
m ode. W idth o f  p ic tu re  = 80 pm .)
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Fig. 4 . C luster o f  hexagonal h em atite  p la te le ts . O bject 7; Sta­
tio n  2 1 1 1 , 3199 m . (LM. R efl. W idth o f  p ic tu r e “  1 0 p m .)

Fig. 5 . M agnetite spheru le . Sam e o b jec t as in  Fig. 2. Black 
m ag n e tite  spheru le  inc luded  in a w hite  sausage. (LM. T ransm . 
W idth  o f  p ic tu re  = 1 6 0  pm .)

*  *  j h k

K a

Fig. 7 . C luster o f  p igm en tary  titan iu m  o x ide . O b ject E23 ; sta­
tio n  211 1 , 2195 m . (LM . Refl. Pol. W idth o f  p ic tu re  = 20
pm.)

Fig. 8 . C luster o f  p igm en tary  ch rom ium  o x ide . O b ject A l 5; 
s ta tio n  2 1 1 1 , 2195 m . (LM. R efl. Pol. W idth o f  p ic tu re  = 20
pm.)

■■V

Fig. 6 . P rism atic  ru tile . O b ject 12; s ta tio n  2 1 1 1 , 31 9 9  m . 
(LM , T ransm . W idth  o f  p ic tu re  = 10 pm .)

Fig. 9 . C luster o f  p igm entary  an tim o n y  o x ide , titan iu m  oxide 
an d  iron  oxide. O bject 22 ; s ta tio n  120, 2586 m . (LM. 
T ransm . W idth o f  p ic tu re  = 4 0  pm .)
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Fig. 10. B roken  p la te le t o f  go e th ite . O b ject C 28; sta tion  
2 1 1 1 , 2195 m . (LM . T ransm . W idth o f  p ic tu re  = 4 0  pm .)

Fig. J 3. F lake o f  z inc h y d ro x y ch lo rid e . T he b rig h t halo 
a ro u n d  th e  cen tra l crystallized  flake is also enriched in zinc 
and  ch lo rine . O b ject 141 ; s ta tio n  31, 470 1  m . (SEM . R eflec t, 
m ode. W idth o f  p ic tu re  = 800  pm .)

Fig. 11. M alachite depo sited  on  a d ia to m . O bject 1 : s ta tio n  Fig. 14. G roup  o f  decayed zinc h y d ro x y ch lo rid e  crystals.
1 2 0 , 25 8 6  m . (SEM. Sec. m ode. W idth o f  p ic tu re  = 4 4  pm .) O b ject 142 ; s ta tio n  31 , 4701 m. (SEM. Sec. m ode. W idth o f

p ic tu re  = 126 pm .)

Fig. 12 . L aurion ite  d ep o sited  on a  silica frag m en t. O bject 71 ; F ig. 15. Black sausage. O bject 8 ; sta tion  12 0 , 2586  m .
s ta tio n  3 1 ,4 7 0 1  m . (SEM. Sec. m o d e . W idth o f  p ic tu re  = 22 (LM . T ransm , W idth o f  p ic tu re  = 4 0  pm .)
pm .)



Fig. 16. Black sausage. E n la rgem ent o f  F ig. 15. (LM. Refl. 
W idth o f  p ic tu re  = 20 um .)

F ig. 19. W hite sausage. O bject 2 3 (s ta tio n  120 , 2586  m . (LM. 
T ransm . W idth o f  p ic tu re  = 80 pm .)

Fig. 17. Black sausage. Sam e o b jec t as in  Fig. 15. (SEM. Sec. 
m ode. W idth o f  p ic tu re  = 34 p m .)

Fig. 18 . Black sausage. E n la rgem ent o f  Fig. 17. (SEM. Sec. 
m ode. W idth o f  p ic tu re  = 8  um .)

Fig. 20 . W hite sausage. E n largem ent o f  Fig. 19, show ing 
n u m ero u s inclusions o f  g o e th ite , titan iu m  ox id e  and  black 
o p aq u e  partic les. (LM . R eí!. Pol. W idth o f  p ic tu re  = 32 Mm.)

Fig. 21. T h ree  w h ite  sausages, o n e  b lack  sausage an d  one 
b row n  sphere. W hite sausages: tran sp a ren t w ith  small inc lu ­
sions. Black sausage: o p aque b lack. Brown sphere: ro u n d ed  
small bod y  a t  low er le ft. O b ject 20 ; s ta tio n  120, 2586 m . 
(LM. T ransm . W idth o f  p ic tu re  = 58 jum.)
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Brass. The chemical com position o f  brass particles is 
highly variable, w ith the copper always the most im­
portant: zinc is well known to  be quickly leached 
from  brass in seawater. Tin is rarely present, bu t 
when it is, the am ount may be rather high.

Hexagonal hematite. This very specific habit (Fig. 4 ) 
has been found associated w ith small rutile prisms 
(Fig. 6). It is very similar to  the red pigment o f  Trias- 
sic salt deposits.

Fig. 22 . Sam e g roup  o f  partic les as in Fig. 21. This p ic tu re  
show s th e  w ealth  o f  details observed u n d er th e  LM, an d  th e  
lack  o f  “ co lo u r”  u n d e r th e  SEM. (SEM. Sec. m ode. W idth 
o f  p ic tu re  = 61 /um.)

Copper oxides. The particles which have been 
extracted and X-rayed were always com posite, and 
give reflection spots o f tenorite and paratenorite. Red 
copper oxide (cuprite) has never been found: all red, 
hem atite-like particles always give a pure Fe spec­
trum .

Zinc hydroxychloride. Very large, round flakes of 
Zn-Cl, surrounded by a rim also enriched in Zn and 
Cl, are observed on Cu-Zn-Pb-rich filters from  GEO­
SECS station 31 in the Sargasso Sea (Fig. 13). The 
overall shape and the rim suggest a pasty state at the 
tim e o f the filtration. Lewin and Alexander [25] 
made interesting com m ents on the absence o f  natural 
minerals corresponding to  the various zinc hydroxy- 
chlorides which are observed on altering brass. These 
zinc hydroxy  chlorides are supposed to  transform  
readily into the more stable carbonate, which we have 
also found. The corroded crystals o f  Fig. 14 are prob­
ably the interm ediates between the altered brass and 
the final zinc mineral(s).

Coenospheres and “black sausages ”. These objects are 
very similar to  the carbonaceous particles found in 
urban atm osphere, but the specific trace elements o f 
the la tte r (S, Cl, V , Fe, Ni, Pb, Br) are not always 
present. This could indicate either a leaching o f  these 
elements, or various origins.

Brown spheres. Similar spheres have been observed by 
Fournier [32] but his had a yellow-green colour. His 
observation o f  opaque inclusions has also been 
repeated. He attributed  these spheres to  algae (chry­
sophyta), but they are also very similar to  the protei- 
noid microspheres synthesized by Hsu and Fox (see 
pictures in Francis et al. [33]).

Fig. 24. C luster o f  b ro w n  spheres. O b ject 29; s ta tio n  2111 ,
954  m . (SEM. Sec. m ode. W idth o f  p ic tu re  = 16 m m .)

Fig. 23. C luster o f  b ro w n  spheres. O b ject 6 9 ; s ta tio n  2111 , 
954  m . (LM . T ransm . W idth o f  p ic tu re  = 4 2  /am.)
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White sausages. The m orphology and com position are 
reminiscent o f  fecal pellets, bu t the producing ani­
mals could no t be identified. They regularly contain 
noticeable am ounts o f zinc in their m atrix. As large 
particles, they ought to  fall rapidly through the water 
column, and as they are sometimes very abundant 
and contain num erous allogenous particles, they 
represent a potentially large flux o f  material [24].

4. Discussion

The num ber o f rare particle species suspended in 
deep ocean waters is rather lim ited and does not 
exceed forty  or so. Considering the num ber o f filters 
studied and their geographic and bathym etric distri­
bution , it can be estim ated that the num ber o f undis­
covered species cannot exceed another 40 or 50. This 
result is rather interesting, since it means tha t in such 
an immense domain with so many different sources 
o f particles, very active processes are at w ork to  limit 
the num ber o f  micron-size, optically emerging 
species.

4.1. Origin o f  particles

A tentative classification o f the observed particles 
is presented in Table 2, according to  their presumed 
origin. This classification is based on our current 
knowledge o f hum an and natural processes, and is 
proposed as a set o f  reasonable assumptions.

The two main possible sources o f  particles which 
have been considered are the following:

Anthropogenic sources: sources o f  particles with 
unique chemical and/or morphological properties, 
produced purposefully or as by-products by man, and 
eventually injected in the oceans w ithout severe trans­
formations.

Natural sources: products o f  wind and river abra­
sion o f continental rocks, aerial and submarine vul- 
canism, abrasion and alteration o f submarine rocks, 
precipitation o f insoluble com pounds, complete 
transform ation o f artifacts w ith com plete obliteration 
o f the initial state, biological activities, m eteorite 
ablation.

According to  this classification, some particle 
species are exclusively and “evidently” an thropo­
genic, since no natural homologue is known (Group I) .

Others are exclusively and “evidently” natural, since 
they are plentiful, or useless, or impossible to  synthe­
size {Group If).  But several particle species w ithstand 
a two-way classification, and three more groups must 
be defined.

Group III: Particles which are produced by nature 
in such restricted am ounts, compared to  m an’s o u t­
put, tha t an anthropogenic main source is very likely, 
but difficult to  prove definitively. An example is the 
case o f  metallic copper which is found rarely in 
basaltic and serpentinitic rocks [10].

Group IV : A large group o f particles produced by 
m an’s activities, but also by some o f the natural 
processes m entioned before. The case o f the black, 
magnetic spherules is well docum ented : they are 
produced by arc welding and cutting o f iron, by 
m eteorite ablation and by volcanoes [19]. Such par­
ticles can o f  course not be used as anthropogenic 
tracers, and must be classified in a special group. But 
further studies o f  secondary properties will perhaps 
lead to  more specific attributions, and narrow the 
w idth o f this group.

An im portant family in this group are the Cu-Zn- 
Pb minerals [7], There is no doubt tha t a large part o f 
them  result from  the alteration o f artifacts [25], 
since num erous particles com posed o f a brass nucleus, 
altered along their rim to tenorite, malachite or 
atacam ite, are found at metal-rich GEOSECS stations 
(stations 17, 31 and 115). Laurionite and cerussite 
are also associated w ith the Cu-Zn minerals at the 
same stations as isolated crystals or as mechanical and 
chemical m ixtures w ith copper minerals. But it would 
o f course be hardly justifiable, w ith the available 
data, to  consider all these minerals as entirely an thro­
pogenic: incrustation phenom ena o f  marine objects 
have been observed, which prove that the heavy 
metals are mobile in ocean water, to  some extent. But 
it remains tha t their discovery deserves now a serious 
effort to  assess the im portance o f the various sources.

A quite similar case is that o f the iron oxides, and 
especially the yellow-brown goethite-like particles, 
which are sometimes very abundant. They contain a 
host o f  m inor elements, and it is tem pting to  assign 
the goethites containing Cr, Ni, Mn, Cu, Zn and Pb to 
formerly metallic artifacts. But the data are very 
scanty, mainly because partially altered iron flakes 
are missing. It is also probable that some o f the goe­
thites have grown in more than one stage.
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TA B LE 2

Origin o f  rare  partic les in deep  ocean w aters

G roup I: E xclusive ly  an thropogen ic  particles

stainless steel 
brass
alum inum

po lycrysta lline  ru tile  
cobalt a lum ínate  
iron  vanadium  carbide

“ black  sausages”  (w ith  V , Ni, Br, Pb) 
zinc hy d ro x y ch lo rid e

G roup II: E xclusive ly  natural particles

sulfur 
iron  sulfide 
sphalerite  
covellite
hexagonal hem atite

ilm enite  
prism atic  ru tile  
m esitine 
bastnaesite

celestite
p y ro x en e  and am phibo le 
coal

G roup III: P resum ably an thropogen ic  particles

iron
copper

chrom ium  ox ide(esko laite) 
an tim o n y  ox ide(valen tin ite)

u ltram arine(L azurite)

G roup IV : A n th ro p o g en ic  and  natural particles

hem atite  (fragm ents and spheres)
m agnetite
goeth ite
(para )ten o rite
m alachite

m alachite-rosasite
(hydro )cerussite
sm ithson ite -hydrozincite
(par-)atacam ite
laurion ite

barite
glass spheres 
coenospheres
“ black  sausages” (w ith o u t V, Ni, Br, Pb)

G roup V: Particles o f  u n k n o w n  origin  

iron  zinc silicate 

b row n spheres 

“ w h ite  sausages”

Group V: This very restricted group contains the 
particle species which could no t be classified in one 
o f  the foregoing groups. Brown spheres and “white 
sausages” belong probably to  the natural species, but 
are ranked in this interim  group until their more 
definite attribu tion . The iron-zinc silicate is extrem ely 
rare, and is presented as an example o f  the fully 
unexpected com pounds which we could probably 
encounter in the future.

4.2  Quantitative aspects

A few words should be said about the frequency 
o f  occurrences and the am ounts o f rare particles 
present on the filters, although these aspects have not 
especially been pursued in this descriptive work.

It should first be remembered tha t 4 —10 liters o f

water were filtered on 37- or 47-mm-diam eter Nucle- 
pore filters o f about 0.5 p m  pore size. The visual scan 
o f  a whole filter shows at m ost a few hundred rare 
particles with equivalent diameters ranging from  2 to 
20 pm . Assuming a m aximum o f 1000 rare particles 
o f  average density o f  2.6 g/cm 3 and a lognormal dis­
tribu tion , one calculates then a weight at about 0.5 
pg, and a range o f  concentrations o f  0 .1—0.05 pg/\.
As the weight o f  to tal particulate m atter has been 
found by Brewer et al. [3] to  be between 5 and 300 
pgfl, this gives extrem e weight percentages for the 
rare particles o f  0 .017—2.4%. On some filters from 
GEOSECS station 31, which is very remarkable for its 
heavy m etal minerals, the concentration o f  m alachite­
like species am ounts to  1% o f the to ta l particulate 
m atter.

The m ost frequently occurring species are in
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decreasing order: goethite—“white sausages” —“black 
sausages” —polycrystalline rutile—brown spheres. It 
should be said tha t “specialized filters” occur, i.e. 
filters on which large am ounts o f  one o f  these four 
species are im m ediately recognizable. Filters from the 
N orth Atlantic sometimes bear large am ounts o f all 
the m ost frequent types o f  rare particles.

5. Conclusions

Although the concentrations o f  the investigated 
particles are very low in seawater and in to tal particu­
late m atter, it has been found tha t the sampling 
m ethods, the volumes o f  water and the am ounts o f 
collected particles, and the experim ental m ethods 
were adequate to  begin a study o f  their distribution 
and origins.

A group o f  definitely anthropogenic particle 
species has been found. Some are easily recognizable 
and probably very stable in the oceans, i.e., the 
inorganic pigments. They could give long-range 
indications about anthropogenic inputs to  the oceans, 
since the dates o f  beginning o f massive production are 
rather well known for each pigmentary species [34].

O ther species which are also certainly an thropo­
genic are less stable, like the metals and alloys, or 
very unstable, like zinc hydroxychloride, and evolve 
into more stable, specific heavy m etal minerals. These 
interm ediate reaction products should help in the 
understanding o f the fate o f  heavy metals in seawater.

Rem nants o f fossil fuel com bustion are also pre­
sent, and in particular, automobile soot particles 
which still show the presence o f  some o f  the original 
trace elements (V, Ni) and o f  the additives (Pb, Br).

Several com pounds, which are never synthesized 
by man and which were considered as natural, even if 
they were mobilized by m an, were also found, indi­
cating inputs to  the oceans from  various sources 
which are generally difficult to  ascribe.

A large group o f  particle species, among which the 
most interesting are the heavy metal minerals (Cu,
Zn, Fe, Pb) cannot yet be fully attribu ted , since they 
may have various anthropogenic and natural origins. 
But it has also been proved tha t at least a part o f 
these species may be attributed  to  primary inputs of 
man-made metals.
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