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A study was made of the mineral and chemical composition of a 
concentric precipitate formed around a ground-water discharge, where 
manganese had precipitated before iron. Birnessite was identified 
in the Mn-rich precipitate and goethite and lepidocrocite in the Fe-
rich precipitate. Lepidocrocite is typically crystallized in hydro-
morphic soils where Fe is reduced. Ti and Cr are enriched more 
in the Fe-rich than in the Mn-rich precipitate, while the reverse is 
true for Ni and Cu. The K/Rb ratio is higher (790—3000) than in 
common rock types (160—300). This indicates the incorporation of 
K into the minerals formed, whereas Rb is withheld in the precipitate 
by adsorption. The total content of REE is increased in the pre-
cipitate studied but is lower than in oceanic Mn nodules. The La/Yb 
ratio is higher than usual in continental rock types, which indicates 
slower migration of the light REE (La — Sm) than of the heavy 
(Gd—-Lu). Compared with the other REE, Ce is enriched in many 
continental oxidates, though not in the young oxidates studied here. 
Probably because Ce is oxidized to valence 4 + , it is chemically and 
through adsorption bound more strongly to precipitates than the 
other REE with valence 3 + and enriched upon partial dissolution. 
This suggests that the trace element composition of Mn and Fe 
precipitates largely comes about through the partial dissolution of 
the original precipitate. 
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Introduction 

This pape r is a p a r t of a comprehens ive 
invest igat ion designed to e lucidate the exo-
genic geochemical cycle of manganese and 
i ron in n o r t h e r n Europe . A concentr ic Mn, 

Fe prec ip i ta te f o r m e d a round a g r o u n d - w a t e r 
d ischarge as cement in glaciof luvial sand is 
described and its mine ra l and chemical com-
position is p resen ted and discussed. A s tudy 
of the i ron minera l s and the t race e lement 
and especial ly t h e r a r e e a r t h e lement (REE) 
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Fig. 1. Location of the gravel pit with Mn, Fe precipitate. Symbols as in Fig. 2. 

contents is Fennoscandian oxida te sediments 
is p resen t ly u n d e r w a y . 

The pr inciples of precipi ta t ion of m a n g a -
nese and iron in Fennoscandia a re discussed 
by Carlson et al. (in press), and case his tor ies 
of prec ip i ta t ion in glaciof luvial ma te r i a l a re 
presented by Låg (1960), Vasar i et al. (1972), 
Alhonen et al. (1975), and Kol jonen et al. 
(1976). The last pape r also lists the mos t 
common morphological types of precipi ta tes . 

Description of the surroundings 

The s tudied manganese and iron prec ip i ta te 
lies at the bo t tom of a grave l pit in Hän tä l ä 
esker, 12 km S.W. of Somero, S.W. F in land 
(Fig. 1). The a rea is charac ter ized by a f l a t 
clay t e r r a in i n t e r r u p t e d by pa r t l y t i l l -covered 
rocky hills and 20—35 m-deep erosional c reek 
and r iver val leys (e.g., Leht io ja Creek, Figs. 
1 and 2). The esker is typica l ly longi tudina l 
and in m a n y places b roken or covered by 
clay deposits. 

Hän tä l ä esker is composed of glaciofluvial 
sand and gravel , t he deeper pa r t s usual ly 
being coarser t h a n the m a n t l e and skir ts . 

Al though the esker chain is o f t en covered 
wi th clay, in some places the re is hydrau l i c 
cont inui ty for severa l ki lometers , wi th the 
g round w a t e r f lowing in the eas t -nor theas t 
direct ion of the esker t owards the val ley of 
Leht io ja Creek. Its position as levelled via 
dug wells and some g r o u n d - w a t e r outcrops is 
p resented in the longi tudina l prof i le C — D 
(Fig. 2). 

The s tudied Mn, Fe prec ip i ta te is f o rmed 
in a place w h e r e the g r o u n d - w a t e r tab le is 
some t w e n t y or t h i r t y cen t imete rs be low t h e 
su r face of the g rave l pit and w h e r e it 
ab rup t ly descends, f o rming an u n d e r g r o u n d 
»waterfa l l» (Fig. 2, P ro f i l e C — D ) . The 
pecul iar , more or less c i rcular f o r m of t h e 
prec ip i ta te (Fig. 3) is a resul t of piping caused 
by discharging g round w a t e r at the bot tom 
of the grave l pit . The same kind of con-
t inuous piping w i thou t prec ip i ta t ion o f t en 
occurs in sand and f ine sand at the bo t tom 
of n a t u r a l springs. The circles diminish in 
size d o w n w a r d s to give a funne l - l i ke s t ruc -
ture . 

The ma te r i a l is somewha t f ine r inside the 
f u n n e l t h a n outs ide (see Fig. 3). Inside it is 
sorted concentric, t he ma te r i a l of f ines t gra in 
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ground-water table); (8) Mn, Fe precipitate. 

Fig. 3. The circular Mn, Fe precipitate (horizontal section). The diameter of the smaller circle is 14 cm. 
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Fig. 4. Grain-size distribution of esker material. (1) Sand with Mn-rich precipitate (2 samples); (2) 
Sand with Fe-rich precipitate (broken line, 3 samples); (3) Sand without precipitate (2 samples). 

size being somet imes in the cen t re and 
somet imes in the ou te r p a r t s in t h e f o r m of 
dist inct haloes. Di f fe rences in the t e x t u r e 
of esker ma te r i a l f a v o r t h e selective prec ip i ta -
tion of Mn and Fe, Mn usua l ly being p r e -
cipi ta ted in m o r e coarse-gra ined ma te r i a l 
t han Fe (Kol jonen et al. 1976). In the p r e -
cipi ta te s tudied, however , t he r e is no dist inct 
d i f fe rence in t e x t u r e be tween ma te r i a l w i th 
Mn and ma te r i a l w i t h Fe prec ip i ta te (Fig. 4, 
curves 1 and 2). Mate r ia l w i thou t a n y 
cement is f i ne r (curve 3). 

The prec ip i ta te has been f o r m e d in a r e -
cent ly opened g rave l pit, and cannot be 
more t h a n about 10—15 years old. 

Samples fo r analysis of the prec ip i ta te 
w e r e collected f r o m the innermos t p a r t of the 
Mn-r ich cement , jus t outs ide t h e f u n n e l 
(Table 3, No. 1), and f r o m d i f f e r en t ly colored 
par t s of the Fe- r ich cement 1 m (No. 2) and 
2 m (No. 3) f r o m sample No. 1. W a t e r samples 
were collected f r o m the bo t tom of the g rave l 
pit (No. 4). 

Ground w a t e r in the Hän tä l ä esker close 
to the prec ip i ta te is s l ight ly acidic to n e u t r a l 
(ar i thmet ic m e a n of pH values 6.9, 5 analyses) 
and contains small amoun t s of dissolved elec-
t ro ly tes (specific conduct iv i ty 61 / /S/cm, 5 
analyses, and tota l ha rdness 1.9° dH, 4 ana l -

yses). The Mn and Fe content var ies consid-
e rab ly (Table 3, No. 4) and is especially 
low w h e r e the g r o u n d - w a t e r t ab le outcrops. 
The Mn/Fe ra t io var ies be tween 0.007 and 
0.03 (5 analyses). 

Methods 

The precip i ta tes w e r e concen t ra ted and 
minera l s in unhea t ed and hea ted samples 
ident i f ied by the X - r a y d i f f r ac t ion me thod 
as descr ibed in Kol jonen et al. (1976). A 
Phil ips d i f f r ac tome te r opera t ing w i th F e K a 

rad ia t ion was used. The recrys ta l l iza t ion a t 
e levated t e m p e r a t u r e s was f u r t h e r s tudied 
by ana lys ing t h e samples bo th t he rma l ly 
(DTA) and the rmograv ime t r i ca l ly (TG) wi th 
a Rigaku Denki h igh t e m p e r a t u r e appara tus . 
The hea t ing r a t e was 5°C/min. 

The color of the prec ip i ta tes w a s measu red 
by compar ison of the a i r -dr ied concen t ra ted 
samples w i th Munsel l Soil Color Char t s (1975). 

For chemical analysis the concent ra ted 
prec ip i ta tes w e r e dissolved in H N 0 3 and 
H 2 0 2 . Mn was de t e rmined color imetr ical ly , 
Fe by t i t r a t ion w i th K , C r 0 7 , and AI, Mg, Ca, 
K, Na, Ti, Sn, Pb, Cr, Ni, Co, Zn, Cu, Cd, Rb, 
and Li by A A S (Perkin E lmer 404). 
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Table 1. Some data for the analysis of REE. 

Irradiation 
time Decay time Detector Measurement 

time 
Elements 

determined 

5 min 0.5 h—4 h small 10 min—20 min Dy 
7 h—30 h 4 d—7 d large 0.5 h—2 h La, Sm, Lu 
7 h—30 h ca. 6 weeks small 2 h—4 h Ce, Nd, Eu, 

Gd, Tb, Yb 

The me thod of i n s t r u m e n t a l n e u t r o n ac t iva-
tion analysis of ten REE is b r i e f ly as fol lows 
(see Rosenberg 1977): S t a n d a r d s a re p r e p a r e d 
by dissolution of oxides in HNO;s, and in the 
case of Ce0 2 , in a m i x t u r e of H N O s and 
H 2 0 2 . The stock solut ions a re t hen mixed 
to give a composite s t anda rd compris ing all 
the REE studied, in concent ra t ions approx i -
ma te ly the same as in basa l t . 

Homogenized and pulver ized samples 
(100 mg — 300 mg) and s t anda rds a re weighed 
in 0.5 ml po lye thy lene capsules fo r the ana l -
ysis of Dy and in 70 m m x 0 6 m m quar t z 
ampoules for the de te rmina t ion of t h e o ther 
REE. The samples, toge ther w i th the s t and-
ards, a re i r rad ia ted , l e f t to decay, and the i r 
j ' -spectra measu red (see Table 1). T h e i r r a -
diat ion of 5 min is p e r f o r m e d in a t h e r m a l 
neu t ron f l u x of 1.2 x 1012 cm - L ' s — 1 and the 

i r rad ia t ion of 7 h — 30 h in a t h e r m a l neu t ron 
f l u x of 1013 c m - 2 s — 1 . The / - spec t r a a re 
measu red wi th a / - spec t rome te r equipped 
wi th one of two detectors, a sample changer , 
and a Nuc lea r Data 4410 pulse he igh t ana l -
yser . The detec tors a re a smal l Ortec 
5 m m x 0 10 m m Ge(Li)-detector w i th a res-
olut ion of 550 eV F W H M at 122 keV and a 
la rge Ortec Ge(Li)-detector wi th a re la t ive 
eff ic iency of 10 °/o and a resolut ion of 2 keV 
F W H M at 1332 keV. T h e measu red spect ra 
a re punched on pape r tape and ana l -
ysed wi th a compute r p r o g r a m w r i t t e n for 
a UNIVAC 1108 computer . T h e p r o g r a m 
calculates the e lementa l concent ra t ions in the 
samples . 

The isotopes and the corresponding y-
energies used fo r the calculat ion a re shown 
in Table 2. In some cases in t e r f e r ing act iv-

Table 2. Half-lives of the isotopes, y-rays used, interfering activities, and detection limits of the ele-
ments determined. 

Isotope Half-life y-energy 
(keV) 

Subtracted 
interference 

Detection 
limit 

(ppm) 

i4«La 40.27 h 1595.4 0.5 
HiCe 32.5 d 145.4 2 
147Nd 11.1 d 91.4 5 
i»3Sm 47.1 h 103.2 0.06 
152EU 12.2 a 121.8 0.05 
153Gd 236 d 103.2 233pa 103.8 keV 4 
160Tb 73 d 86.8 233pa 87 keV 0.05 
16SDy 2.36 h 94.6 0.3 
169Yb 30.6 d 63.1 0.07 
208LU 6.75 d 208.4 0.2 
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ities had to be sub t rac ted . The detect ion 
l imits indicated in Table 2 a re val id fo r 
basal t ic rock type and as an order of magn i -
tude for the o ther common rock types. 
Because the sensi t ivi ty of the method depends 
on the concent ra t ions of cer ta in o ther ele-
men t s in the sample, the detect ion l imits for 
d i f f e r en t samples v a r y considerably. Thus 
the detect ion l imit for Dy is inverse ly p ropor -
t ional to the concent ra t ion of Mn and the 
detect ion l imits of Tb and Gd correspondingly 
to the concent ra t ion of Th producing the 
in t e r fe r ing isotope 2 3 3Pa. The average p r e -
cision of single de te rmina t ions is 13 °/o. Be-
cause of the lack of s ignif icant sys temat ic 
e r ro rs the accuracy is of the same magn i tude . 

Mineral composition 

Manganese precipitate. Birness i te is the 
only Mn-mine ra l ident i f ied in the Mn pre -
cipi ta te by X - r a y d i f f rac t ion (Fig. 5; fo r 

chemical composit ion see Table 3, No. 1). I t 
is a non-s to ichiometr ic manganese o x y h y -
droxide which m a y conta in var ious a m o u n t s 
of o ther cations, e.g., Mg, Ca, K, and Na 
depending among o ther th ings on the cations 
presen t upon crystal l izat ion. Mn-prec ip i ta tes 
deposited by n a t u r a l wa te r s contain consider-
able amoun t s of Fe (Table 3; Kol jonen et al. 
1976, Tab le 2; Carlson et al., in press, Table 
3). Because no i ron oxyhydrox ide mine ra l 
is shown in the X - r a y g raph (Fig. 5; Ko l jo -
nen et al. 1976) it can be assumed t h a t Fe is 
p resen t in the f o r m of f e r r ihydr i t e , i.e. 
»amorphous» FeOOH, as proposed by 
Giovanoli and Bürk i (1975) in the context of 
oceanic Mn nodules. 

Birness i te is a g roup n a m e for synthe t ic 
and n a t u r a l minerals , f ine -g ra ined and o f ten 
disordered, wi th an O/Mn ra t io f r o m 1.74 to 
1.99 (Bricker 1965). It is common both in 
cont inenta l Mn-prec ip i ta tes (Taylor et al. 
1964, Taylor and McKenzie 1966, Taylor 1968, 
Kol jonen et al. 1976) and in oceanic Mn 

1 2 3 4 

Mn 50.38 °/o 0.98 % 0.32 °/o 0.005—0.15 ppm 
Fe 3.50 51.92 38.33 0.7 —5.0 
AI 1.12 2.38 7.09 0.6 —1.0 
Mg 1.36 0.48 5.67 2.9 —3.9 
Ca 2.15 0.23 1.19 5.0 —9.8 
K 1.70 2.61 2.09 1.3 —2.0 
Na 0.07 0.11 0.23 2.5 —5.8 
Ti 0.12 0.14 0.93 — 

Sn 750 ppm < 640 ppm 690 ppm — 

Pb 120 200 170 < 1 ppb 
Cr 30 180 280 < 1 
Ni 1140 184 120 < 2 
Co 144 190 130 < 2 
Zn 330 328 464 3—14 
Cu 410 126 127 2 
Cd 17.7 11.0 12.7 < 0.5 
Rb 21.5 8.7 17.0 — 

Li 108 12 120 — 

K/Rb 790 3000 1230 

Table 3. Chemical composition of the Mn, Fe precipitate and of ground and surface water in the stu-
died area (1) Loose black cement (color 5YR 3/1); (2) Loose brown cement (7.5YR 4/6); (3) Loose brown 
cement (7.5YR 5/8); (4) Water on the bottom of the gravel pit; mostly 5 samples. Analyst (1—3) Antti 
Vuorinen, University of Helsinki and (4) Hilkka Ahola, Hannele Spetz, and Maija Ilmasti, Geological 
Survey of Finland. 
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Fig. 5. X-ray data of unheated and heated Mn precipitate (Table 3, No. 1). BR, birnessite; HA, haus-
mannite; BX, bixbyite; SP, spinel. The graph is explained in the text. 

nodules (e.g., C re ra r and Ba rnes 1974, 
S u m m e r h a y e s and Willis 1975, Glover 1977). 
The crystal l izat ion of bi rness i te is control led 
by the redox condit ions of the env i ronment . 
It is known to be crystal l ized in s l ight ly 
a lkal ine (Taylor et al. 1964) to s l ight ly acidic 

soils (Koljonen et al. 1976, Ross et al. 1976); 
in the presen t case the g round w a t e r t h a t 
deposits Mn is almost neu t ra l . In oceanic 
Mn nodules bi rness i te is crystal l ized in more 
oxidizing condit ions t han »todorokite» (Crerar 
and Barnes 1974, S u m m e r h a y e s and Willis 
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1975) which according to Giovanoli and B ü r k i 
(1975) is a m i x t u r e of buser i t e and m i n o r 
amoun t s of b i rness i te and mangan i t e . 

The typical ly ve ry f ine -g ra ined bi rness i te 
is supposed to crystal l ize ins tead of t h e 
the rmodynamica l ly s table pyrolus i te (/J-MnCL) 
because of its lower nucleat ion ene rgy (Crerar 
and Barnes 1974). Besides kinetics, also t h e 
fore ign cations p resen t in n a t u r a l w a t e r s 
f avor its crysta l l izat ion (Kol jonen et al. 1976). 

I n fo rma t ion abou t the s t ruc tu r e of b i rness-
i te (synthet ic: sodium manganese(II , III) 
manganate( IV) and manganese(II I ) m a n g a -
nate(IV)) has been der ived f r o m elect ron 
d i f f r ac t ion m e a s u r e m e n t s because e f fo r t s to 
p r epa re la rge enough crysta ls fo r single 
crys ta l X - r a y me thods w e r e not successful 
(Giovanoli et al. 1970a, b; Giovanoli and S täh l i 
1970). The s t r u c t u r e comprises layers of 
edge-shared [MnOß] oc tahedra w i th sheets of 
w a t e r molecules and h y d r o x y l g roups located 
be tween . One out of eve ry six oc tahedra l 
sites of M n 4 + is unoccupied, and M n 3 + and 
M n 2 + ions a re considered to lie above and 
below these vacancies. The layers of [MnO,;] 

oc tahedra a re separa ted by about 0.72 n m 
along the c-axis. The positon of o ther cat ions 
in the i n t e rmed ia t e l aye r is uncer ta in . The 
crys ta l s t r uc tu r e is basical ly hexagonal , b u t 
o ther cations, e.g. Na+, as la t t ice const i tuents , 
cause a dis tor t ion to a t least o r thorhombic 
s t r u c t u r e (Giovanoli and Stähl i 1970). N a t u r a l 
birnessi te , whose a lkal i ions cannot be dis-
solved, gives the hexagona l X - r a y p a t t e r n 
(Giovanoli et al. 1970b) because of t h e 
d isordered crys ta l s t ruc ture . The hexagona l 
indices of the f o u r l ines typical of n a t u r a l 
b i rness i te (Jones and Milne 1956, B r o w n et al. 
1971) are : 0.728 n m —001 , 0.363 n m —002, 
0.245 n m — 1 0 0 , and 0.1414 n m — 1 1 0 (cf., 
Kol jonen et al. 1976, Tab le 5). 

Upon hea t t r e a t m e n t the Mn prec ip i ta te is 
dehyd ra t ed cor responding to the b road 
endo thermic react ion be tween 80° C and 
250°C recorded by DTA. As the w a t e r mole-
cules and hyd roxy l g roups a re expel led f r o m 
be tween the oc tahedra l layers of b i rness i te 
the l a t t e r a r e g r adua l l y cleaved to f o r m a 
two-d imens iona l lat t ice. On the X - r a y g r a p h 
the basa l ref lec t ions (0.728 n m and 0.363 nm) 

No. 1 2 3 5 6 7 

La 123 123 79 71 226 0.378 
Ce 138 240 185 221 722 0.976 
Pr — — — — — (0.138) 
Nd 64 81 59 49 221 0.716 
Sm 12 14 9.4 8.5 44 0.230 
Eu 2.3 2.7 2.4 1.6 9.6 0.0866 
Gd 5.7 13 — 6.6 — 0.311 
Tb 1.4 1.6 1.3 1.0 7.5 (0.0568) 
Dy — 3.6 5.5 — — 0.390 
Ho — — — — — (0.0868) 
Er — — — — — 0.255 
Tm — — — — — (0.0399) 
Yd 3.2 3.0 3.5 20.2 0.249 
Lu 0.73 0.95 0.55 0.44 3.5 0.0387 
•I'REE 389 506 376 387 1445 3.95 
La/Yb 38 41 23 32 11 1.5 

Table 4. REE contents in Mn and Fe precipitates. The numbers 1—3 indicate samples in Table 3; (5) 
Average REE contents in 13 Mn and Fe precipitates from Fennoscandia; (6) Average REE contents 
in 31 oceanic Mn nodules (Piper 1974); (7) REE content in Leedey L/6 chrondrite (Masuda et al. 1973). 
The values in parentheses are estimates. 
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Fig. 6. X-ray data of unheated and heated Fe precipitate (Table 3, No. 2). G, goethite; L, lepidocro-
cite; H, hematite. The graph is explained in the text. 

f i r s t become w e a k and d i f fuse and sh i f t to 
smal ler d-values , and then g radua l ly disap-
pea r as t h e t e m p e r a t u r e is e levated (Fig. 5) 
The two p r i sm ref lect ions are le f t and sh i f t ed 
to s l ight ly smal le r d -va lues (the 100 ref lec t ion 
of b i rness i te f r o m 0.2455 n m to 0.2440 nm). 
These l ines r ep resen t oc tahedra l Mn —- Mn 
dis tances common to a lmost all Mn — O 
compounds (Giovanoli and. Bürk i 1975), and 
cannot be assigned to any pa r t i cu la r m i n e r a l 
species. P r o b a b l y only f r a g m e n t s of 
oc tahedra l layers a re le f t and the crys ta ls 
of the n e w mine ra l s f o r m e d are too smal l to 
g ive an X - r a y d i f f r ac t ion pa t t e rn . 

H a u s m a n n i t e (Mn304) c rys ta ls a re l a rge 
enough to be recorded b y X - r a y d i f f r ac t ion 
a f t e r two hour s at 700°C (Fig. 5). At still 
h igher t e m p e r a t u r e s Fe and o ther cat ions 
a re also involved in crystal l izat ion. B ixbyi te 
((Mn,Fe)203) was recorded at 900°C and a 
spinel a t 1000°C. This o rder of recrys ta l l i -
zation is typical of Mn prec ip i ta tes re la t ive ly 
poor in Fe (Table 3, No. 1; see Kol jonen et al. 

1976). Wi th r is ing t e m p e r a t u r e the mine ra l s 
become be t t e r crystal l ized and no in t e r -
conversions seem to occur. The crys ta l l i -
zat ions a re s imul taneous and so sluggish un t i l 
ca. 1160°C tha t no react ion was recorded by 
DTA. At 1160° C the t e t r agona l low h a u s -
m a n n i t e was t r a n s f o r m e d to the cubic h igh 
h a u s m a n n i t e (van Hook and Ke i th 1958), a 
react ion k n o w n to be rap id (Muan and Somiya 
1962). The TG curve shows a cont inuous 
we igh t loss be tween 100°C and 400°C caused 
by the dehydra t ion of the p rec ip i ta te and t h e 
reduc t ion of Mn. 
Iron precipitate. Bo th goethi te (a-FeOOH) 
and lepidocroci te (j '-FeOOH) w e r e ident i f ied 
in t h e Fe prec ip i ta te (Fig. 6; fo r chemical 
composit ion see Table 3, No. 2). Goeth i te is 
the s tabler po lymorph and is genera l ly fo rmed 
in areas of t e m p e r a t e h u m i d cl imate. Lepi-
docrocite has been ident i f ied in t h e same 
cl imatic zone b u t its occurrence is res t r ic ted 
to hyd romorph i c soils (Brown 1953, S c h w e r t -
m a n n 1959, P a w l u k 1971, Ko l jonen et al. 1976, 
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S c h w e r t m a n n and Fi tzpat r ick , in press) w h e r e 
Fe is reduced unde r anaerobic conditions. 
The occurrence of lepidocrocite thus test if ies 
to the presence of F e 2 + . 

T h e s imul taneous crysta l l iza t ion of goethi te 
and lepidocrocite in soils is not fu l ly u n -
derstood. Synthes is expe r imen t s show t h a t 
somewha t h igher pa r t i a l p res su re of CCL 
favors goethi te fo rma t ion a t the expense of 
lepidocrocite when fe r rous solut ions are oxi-
dized (Schwer tmann 1959, S c h w e r t m a n n and 
Fi tzpatr ick, in press), goethi te possibly being 
fo rmed via ca rbona te (FeC03) and lepido-
crocite via »green rust» (Fe(II,III) h y d r o x y 
compound) (Schwer tmann et al. 1974). The 
complexa t ion of Fe w i th organic l igands is 
known to f avor the prec ip i ta t ion of goethi te 
out of f e r r i c solut ions (Schwer tmann et al. 
1974). 

Lepidocroci te and goethi te have been f o u n d 
toge ther in a s imilar env i ronmen t to tha t 
s tudied (Kol jonen et al. 1976): Mn and Fe 
were the re prec ip i ta ted out of g round wa te r , 
r ich in organic m a t t e r and reducing, at the 
point w h e r e the g round w a t e r came in contact 
wi th the a tmosphere . A sepa ra te s tudy to 
c la r i fy w h a t controls the s imul taneous fo r -
mat ion of goethi te and lepidocrocite in soils 
and w h a t a re the roles of dissolution and 
in terconvers ion is p resen t ly u n d e r w a y . 

Goeth i te and lepidocrocite consist of Fe -
cent red oxygen /hydroxy l oc tahedra l inked 
toge ther to f o r m double chains in goethi te 
and layers in lepidocrocite. Goeth i te is gene r -
al ly the less crys ta l l ine of the two (Schwer t -
m a n n and Fi tzpat r ick , in press) as shown 
by line b roaden ing on the X - r a y d i f f r ac to -
g r a m (Fig. 6, Kol jonen et al. 1976). Goethi te 
is the s tabler po lymorph and lepidocrocite 
shows a t endency to be conver ted to it. The 
conversion proceeds via solution (Schwer t -
m a n n and Tay lo r 1972a,b), and the fore ign 
compounds presen t in soils m a y in t e r f e r e 
wi th it. The solubi l i ty and dissolution r a t e 

of lepidocrocite is low, especially w h e n its 
c rys ta l l in i ty is high, b u t is increased in the 
presence of f e r rous iron, i.e., in a reduc ing 
env i ronment . Labo ra to ry expe r imen t s have 
proved tha t organic compounds and silica 
p reven t the nucleat ion of goethi te and t hus 
the t r ans fo rma t ion of lepidocrocite into it 
(Schwer tmann and Fi tzpat r ick , in press), b u t 
this cannot be the r a t e -de t e rmin ing fac tor in 
a sys tem t h a t contains goethi te (Schwer tmann 
and Tay lor 1972b). 

Upon hea t t r ea tmen t , goethi te and t h e 
amorphous f rac t ion presen t a re conver ted 
via dehydra t ion and r e a r r a n g e m e n t to h e m a -
t i te (a-Fe ä0 3 ) . The conversion t e m p e r a t u r e 
var ies wi th the crys ta l l in i ty of goethite, and 
is lowest fo r the amorphous hyd rox ide fo rm. 
T e m p e r a t u r e s be tween 300°C and 400 cC are 
usual ly repor ted (Tosson et al. 1974, K o d a m a 
et al. 1977). Lepidocroci te is conver ted to 
m a g h e m i t e (y-Fe203) at t e m p e r a t u r e s corre-
sponding to the conversion of poor ly c rys-
tall ized goethi te to hema t i t e (Kelly 1956). 
Maghemi te is readi ly conver ted to hema t i t e 
upon f u r t h e r hea t ing and can h a r d l y be 
detected by X - r a y d i f f rac t ion . The f i r s t 
hema t i t e ref lect ions to appear a re those 
sh i f ted sl ightly f r o m the position in hyd rous 
to the position in a n h y d r o u s f o r m s (Fran-
combe and Rooksby 1959), indicat ing a s imilar 
recrysta l l iza t ion via pa r t i a l decomposit ion of 
the p a r e n t s t r u c t u r e (cf., Fe i tknech t et al. 
1973) as proposed for Mn oxyhydroxides . 
Upon f u r t h e r hea t ing the hema t i t e crysta ls 
g row and become more ordered (Fig. 6). 

Chemical composition 

The chemical composit ion of the Mn, Fe 
prec ip i ta te discussed in this paper is p resented 
in Tables 3 and 4. 

Mn is enr iched in sample No. 1 and Fe in 
samples Nos. 2 and 3. Besides Mn and Fe t h e 
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precipitate contains other cations, especially 
ones that fo rm hydroxides in neutra l 
environment . They too are zonally pre-
cipitated around the water discharge, as can 
be seen in the high Al, Mg, and Ti content 
of sample No. 3 and its l ighter color compared 
with sample No. 2. Calcium predominates 
in ground water (Table 3, No. 4) but, com-
pared with magnesium, is depleted in the pre-
cipitate. This occurs because it nei ther forms 
hydroxides nor enters the lattice of the Mn 
and Fe minerals. Potassium is bound more 
strongly than sodium on colloids and its 
content in the precipitate is higher (cf., Kol-
jonen and Carlson 1975). Many elements a re 
enriched with oxidates (e.g., Cronan and 
Thomas 1972) and the contents of Pb, Ni, Co, 
Zn, Cu, Cd, and REE are increased in the 
precipitate. Compared with K, Rb is depleted. 
The K/Rb ratio, which in continental rock 
types only rare ly fal ls outside 160—300 (Heier 
and Billings 1970), is here appreciably higher 
(790—3000, Table 3). This indicates the 
precipitation of solid phases which can in-
corporate K. If adsorption alone had deter-
mined the K and Rb contents the lat ter 
would be enriched because of its relatively 
stronger adsorption on colloids, and the K/Rb 
ratio would be lower than found (Table 3). 

The precipitate studied contains more Sn, 
Pb, and Cd than oceanic Mn, Fe nodules 
(Table 3; Bender 1972). This difference pro-
bably occurs because the bedrock and sedi-
ments in the studied area are mostly silicic 
and the elements mentioned are enriched in 
the late di f ferent ia tes of the calc-alkalic suite. 
The contents of Ni, Co, and Cu are much 
lower than in oceanic nodules. 

Because the Mn and Fe precipitates have 
been formed close to each other, f rom run-
ning water , their d i f ferent t race element 
composition cannot be due to differences in 
the precipitating solution. The analyses 
show that Ti and Cr are enriched more in 

the Fe-rich cement (Nos. 2 and 3) and Ni 
and Cu more in the Mn-rich (No. 1). Na, 
Co, Zn, Rb, Li, and REE show no preference 
for one or the other. 

REE are enriched in the studied precipitate, 
but not as much as in oceanic nodules (Table 
4). The contents are higher than in common 
magmatic (e.g., granites, REE 237 ppm, La i 
Yb ^ 10, Koljonen and Rosenberg 1976) and 
metamorphic rocks or in clastic sediments 
(see Ronov et al. 1974). The La/Yb rat io 
(23—41, Table 4) is higher than in common 
rock and sediment types 1—20, see Koljo-
nen and Rosenberg 1976), indicating that 
dur ing the exogenic migrat ion the REE dif-
ferent ia te f rom each other, the heavy REE 
(Gd — Lu) migrat ing faster than the light 
(La — Sm). This seems to be a general rule 
which controls the migrat ion of REE and 
brings about the enr ichment of light REE ill 
the continents during the evolution of Ear th 's 
crust. 

The La/Yb ratio of oxidates reflects the 
ratio in the surrounding bedrock and sedi-
ments. It is much lower in oceanic nodules 
than in the precipitate studied (Table 4). The 
rocks in oceanic environment usually have 
lower REE contents and La/Yb ratio 1) 
than those in continents 10) (see Koljo-
nen and Rosenberg 1975, Table 2). 

Compared with La and Nd, the Ce content 
is increased in Fennoscandian Mn, Fe pre-
cipitates (Table 4, No. 5) and in oceanic 
nodules (No. 6; see Goldberg 1961) bu t not 
in the studied samples (Nos. 1—3). It seems 
that the Ce enrichment, common in oxidates, 
is brought about through dissolving and 
therefore is not observed in young precipi-
tates. In solution Ce probably has the valence 
3 + like the other REE and behaves upon 
precipitation like them. The normalized 
graph of a newly formed oxidate is smooth 
(Fig. 7). Unlike the other REE, however, Ce 
is oxidized to valence 4 + , does not dissolve 

7 
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Fig. 7. REE contents normalized against chondrite (Leedey). The numbers in the graph indicate the 
analyses shown in Table 4. 

as quickly, and is enr iched upon par t ia l dis-
solution of the precipi ta te . This suggests t ha t 
the chemical composit ion of oxidates depends 
not only on the chemical composit ion of the 
su r round ing solut ions b u t is to a la rge e x t e n t 
a f fec ted by dissolution. Accordingly, it 
depends on the re la t ive dissolution ra te of 
indiv idual e lements and on the chemical 
composit ion of minera l s and o ther solid 
phases presen t in the precipi ta te . The chem-
ical composit ion of a prec ip i ta te t hus 
depends considerably on its age and the 
chemical processes it has unde rgone a f t e r 
precipi ta t ion. 

Discussion 

The presen t p rec ip i ta te was fo rmed in an 
esker su r rounded by vast expanses of clay 
and silt. In an env i ronmen t l ike that , Mn 
and Fe are dissolved and mig ra t e w i th g round 
wa te r as organic complexes and as Mn->+ 

and F e 2 + (Koljonen et al. 1976). The i r p re -
cipi tat ion is control led by the redox condi-
tions of the env i ronment . Fe is oxidized 
and prec ip i ta ted be fo re Mn w h e r e Eh and 
pH g radua l ly increase (Krauskopf 1957). In 
the p resen t case Mn has prec ip i ta ted before 
Fe as a r i m a round the g r o u n d - w a t e r 
discharge, and Fe outs ide it. This order of 
precipi ta t ion can be expla ined as follows. 
When g round wa te r f lows fas t to the sur face 
the Eh is a b r u p t l y increased, so tha t the 
order of precipi ta t ion is control led by the 
d i f f e r en t s tabi l i t ies of the Mn- and Fe-organic 
complexes, which control the react ion veloc-
ity; the Fe-complexes a re known to be more 
s table t han the Mn-complexes (Schnitzer and 
Hansen 1970). Mn and Fe a re wel l separa ted 
f r o m each o ther in the presen t precipi ta t ion, 
which in a young prec ip i ta te cannot be the 
resul t of d i f fus ion in solid s ta te (cf. Carlson 
et al., in press). 

The Mn and Fe prec ip i ta tes s tudied are 
oxyhydrox ides which only pa r t ly occur as 
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ident i f iable crystals. The ref lect ions of 
birnessite, goethite , and lepidocrocite on the 
X - r a y g raphs a re weak and broadened. 
Besides Mn and Fe the prec ip i ta te conta ins 
o ther cations, which e i ther a re incorpora ted 
in the lat t ice of minera l s (birnessite), f o r m 
thei r own hydrox ides (Al, Mg; Table 3, No. 
3), or a re adsorbed on colloids (Rb, Li). Upon 
hea t t r e a t m e n t the precipi ta tes a re dehy-
dra ted and the minera l s b roken into sepa ra te 
layers and f r a g m e n t s according to the i r 
crys ta l s t ruc ture . Upon f u r t h e r hea t ing 
they a re recrystal l ized as oxides and spineis 
in accordance wi th the overal l chemical com-
position of the precipi ta te . 

Many t race e lements a re enr iched in the 
precipi ta te . The t race e lement composit ion 
clear ly ref lec ts t ha t found in the sur rounding , 
most ly silicic bedrock. The REE content , 
for example , is increased, and a l though the 
tota l content is lower t han in oceanic Mn 
nodules the La/Yb ra t io is much higher , 
indicat ing a g rea te r en r i chmen t of the l ight 
REE (La — S m ) than of the heavy (Gd — L u ) . 
This seems to be a genera l ru le and is b rough t 
about by a g rea te r adsorpt ion on colloids of 
the l ight t han of the heavy REE, p robab ly 
because of the i r g rea te r ionic radius . Thus 
the La/Yb ra t io increases w i th t ime in conti-
nen t s and the ratio, on average, is h igher in 

cont inenta l sediments and rocks der ived f r o m 
t h e m t h a n in oceanic. 

The content of Ce in re la t ion to La, Pr , and 
Nd ref lec ts the age of an oxida te and its 
mode of fo rmat ion via precipi ta t ion and 
par t i a l dissolution. Because Ce can be oxi-
dized to h igher valence t h a n the o ther REE it 
t ends to mig ra t e more s lowly and is depleted 
in solutions. The residence t ime of Ce in 
ocean w a t e r is much shor te r t han tha t of 
the o ther REE and it is deple ted t he r e 
(Her rmann 1970) b u t enr iched in oceanic Mn 
nodules. The en r i chmen t of Ce in cont inenta l 
sediments also helps to br ing about the de-
plet ion in oceanic wa te r . Moreover, geochemi-
cal d i f fe ren t i a t ion appa ren t ly occurs dur ing 
the exogenic migra t ion of REE, causing the 
var ious REE to be unequa l ly d i s t r ibu ted 
among the d i f f e r en t sed iment groups. 
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