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PROPERTIES OF IRON OXIDES IN TWO FINNISH LAKES IN 
RELATION TO THE ENVIRONMENT OF THEIR FORMATION 
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Abstract--Fifteen iron oxide accumulations from the bottoms of two Finnish lakes ("lake ores") were 
found to contain as much as 50% Fe. Differential X-ray powder diffraction and selective dissolution by 
oxalate showed that the samples consisted of poorly crystallized goethite and ferrihydrite. The crust ores 
of one lake had higher ferrihydrite to goethite ratios than the nodular ores of the other lake. The higher 
ferrihydrite proportion was attributed to a higher rate of Fe 2+ supply from the ground water and/or a 
higher rate of oxidation as a function of water depth and bottom-sediment permeability. 

Values of Al-for-Fe substitution of the goethites determined from unit-cell dimensions agreed with 
those obtained from chemical extraction if the unit-cell volume rather than the c dimension was used. 
In very small goethite crystals a slight expansion of the a unit-cell dimension is probaby compensated 
by a corresponding contraction of the c dimension, so that a contraction of the c dimension need not 
necessarily be caused by AI substitution. 

The goethites of the two lakes differed significantly in their Al-for-Fe substitutions and hence in their 
unit-cell sizes, OH-bending characteristics, dehydroxylation temperatures, dissolution kinetics, and MSss- 
bauer parameters. The difference in Al substitution (0 vs. 7 mole %) is attributed to the Al-supplying 
power of the bottom sediments: the silty-clayey sediments in one lake appear to have supplied A1 during 
goethite formation, whereas the gravelly-sandy sediments in the other lake did not. The compositions of 
the goethites thus reflect their environments of formation. 
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I N T R O D U C T I O N  

Iron  oxide accumula t ions  conta in ing as m u c h  as 50% 
Fe (lake ores) are abundant  in m a n y  lakes o f  Finland.  
Because o f  their  economic  impor tance  in the past, lake 
ores and their  areal d is t r ibut ion  were s tudied a long 
t ime  ago (Holmberg,  1858; Aschan,  1908; Aarnio ,  
1915). Al though numerous  chemica l  data  exist (Vaas- 

joki ,  1956), mineralogical  in fo rmat ion  is sparse. Hal-  
bach (1972, 1976) identif ied goethite,  birnessite,  and 
small  amount s  o f  strengite in lake ores f rom four Fin-  
nish lakes. In the present  paper  iron oxides o f  lake ores 
f rom two selected lakes in F in land  are described,  and 
a correlat ion o f  their  propert ies  with the env i ronmen t s  
in which the ores fo rmed  is a t tempted.  The  insight that  
can be gained into the processes o f  i ron oxide fo rmat ion  
by a detai led descr ipt ion o f  the iron oxide minera ls  
beyond  simple identif icat ion is also demons t ra ted .  

T H E  T W O  L A K E S  

Lake Murto ,  about  1 km in d iameter ,  is located in 
eastern F in land  at lat. 62~ long. 30~ about  6 
k m  f rom a pyr i te-pyrrhot i te-chalcopyr i te  mine.  The  
ma in  rock types are mica  schists, black, sulfide-bearing 
schists, and quartzites.  The  Quate rnary  deposi ts  are 
glaciofluvial  sands and gravels. In August  1985, the 
p H  o f  the lake water  was de te rmined  as 6.7. The  coarse 

l Permanent address: Department of Geology, University 
of Helsinki, SF-00171 Helsinki, Finland. 
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lake-bot tom sediments  are covered  with brownish  
gyttja. I ron-precipi ta t ing cold springs and iron and 
manganese  precipi tates  are c o m m o n  in the sand and 
gravel  deposi ts  o f  this area; hence, the i ron conten t  o f  
the ground water  is high. Wate r  flowing f rom a natural  
spring 5 km f rom the lake contains  4.2 mg/ l i t e r  dis- 
solved iron. 

Lake Eno (1.5 • 3 km) is located in southern F in land  
at lat. 61~ long. 25~ in an area where no ore 
deposi ts  are known.  The  main  rock types are mica  
schists and migmati tes ,  and the Quate rnary  deposits  
are till and lacustr ine clay, which are covered  by green- 
ish gyttja on the lake bot tom.  In August  1985, the p H  
o f  the lake water  was de te rmined  as 6.9. The  concen-  
t ra t ion o f  d issolved iron in ground water  is low (---0.1 
mg/li ter).  No  iron precipitates are known in the natural  
springs o f  this area. 

M A T E R I A L S  A N D  M E T H O D S  

S a m p l e s  

The  richest accumula t ions  o f  ores in Lake Mur to  
were found at water  depths  as m u c h  as 2 m in coarse- 
grained sediments  (site 38) and also in the v ic in i ty  o f  
an underwater  spring (site 39). In Lake Eno, ores could 
only be found where the b o t t o m  sediment  was more  
permeable  than elsewhere in the lake, such as near  
small  peninsulas (site 44) and islands (site 47). 

Three  morphologica l  ore types were dist inguished.  
Crust  ores occur  in more  or  less cont inuous  plates as 
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Table 1. Description of iron oxide samples from the Finnish lakes. 

Depth Color (Munsell) 
Sample Bottom sediment (cm) Ore type t (dry powder) 

Lake Murto 
37AI 

38B t 38C 
38D 
38E 
38F 
39B } 
39C 
39D 

Lake Eno 
44 
46A } 
46B 
46C 
47A } 
47B 

Fe-rich gyttja over fine sand 

Fe-rich gyttja over gravelly sand 

Fe-rich gyttja over gravelly sand 

gyttja over clayey silt 

gyttja over clayey silt with boulders 

clayey silt with boulders 

5-15 cr 7.5YR 4/8 
40 cr 6.5YR 4/6 

60-70 cr 6.5YR 4/6 
110-120 cr 6.5YR 4/6 

150 cr 7.5YR 4/4 
170 cr 7.5YR 4/4 

10 cr 6.5YR 4/6 
40-50 cr 7.5YR 4/6 

100-130 cr, pen, pis 7.5YR 4/6 

60-100 pis 10YR 5/8 
50 pis, pen 10YR 4/4 
60 pis, pen 10YR 4/4 
80 pis, pen, cr 10YR 3/4 

100 pis, pen 10YR 5/8 
140 pis, pen 10YR 5/8 

cr = crust; pen = penny; pis = pisolitic. 

much as several centimeters thick; penny  ores form 
disk-shaped nodules as large as a few centimeters; and 
pisolitic ores form spherical nodules usually < 1 cm in 
size. Crust ores are usually found in the shallowest part 
of an ore field, penny ores at intermediate depths, and 
pisolitic ores in the lowest part (Halbach, 1976). In the 
present study, however, this distinction was made at 
only one sampling site (39). In Lake Murto crust ore 
prevails, the thickness of which decreases from 3 to 
0.5 cm with depth. In Lake Eno mainly smooth, nodu- 
lar ores occur (Table 1). 

Methods 

After removal of detrital rock fragments, the lake 
ores were powdered in an agate ball mill for 20 min 
(< 50 urn). Total carbon was determined with a W6st- 
hoff carmograph. Iron (Fed), A1 (Aid), and Mn (Mnd) 
were extracted by dithionite-citrate-bicarbonate (DCB) 
(Mehra and Jackson, 1960). Iron (Feo) and Mn (Mno) 
were also extracted by acid a m m o n i u m  oxalate  
(Schwertmann, 1964). Fe was determined photometri- 
cally by sulfo-salicylic acid (Koutler-Anderson, 1953) 
and Mn and A1 by atomic absorption spectroscopy 
(AAS). Si was extracted by treating 10 mg of sample 
with 10 ml of 1 M NaOH for 2 hr at 80~ and deter- 
mined by the molybdenum blue method (Boltz and 
Mellon, 1947) after neutralization of the extract against 
phenolphthaleine. Dissolution kinetics were obtained 
using sets of separate 10-mg samples in 2 M HC1 or 
in 0.2 M NH4 oxalate, pH 3.0, in the dark at 25~ 

Iron oxide minerals were identified by X-ray powder 
diffraction (XRD) using CoKa radiation and a Philips 
PW 1050 vertical goniometer equipped with a graphite 
reflected-beam monochromator .  The minera ls  re- 

moved by oxalate were identified by differential X-ray 
powder diffraction (DXRD) (Schulze, 1981) in which 
a step-scanned XRD pattern (step size = 0.05~ 
counting time = 10 s/step) of an oxalate-treated sample 
was subtracted from that of an untreated sample. Cell 
dimensions of goethite were determined from step- 
scanned XRD data (step size = 0.02~ counting time = 
10 s/step) after removing ferrihydrite by oxalate. Ac- 
curate line positions were measured relative to nearby 
lines of 25% corundum added as an internal standard 
using a curve-fitting procedure. Corrections were made 
for apparent line shift due to small crystal size as sug- 
gested by Schulze (1984). A1 substitution of goethite 
was calculated both from a unit-cell volume vs. A1 
substitution relation (see below) and from the amounts  
of Alo and Fed. Mean crystaUite dimensions (MCD) 
were calculated from the linearly corrected widths at 
half height of the 110 (MCD~t0) and 111 ( M C D ~ )  
goethite lines using the Scherrer formula (Klug and 
Alexander, 1974). 

Differential thermal analysis (DTA) was carried out 
on a Linseis Model L 62 analyzer using 50-rag samples, 
a heating rate of 10~ and hematite as inert sub- 
stance. The sample chamber was flushed with dry N:. 
Infrared spectra were recorded on a Beckman IR 4250 
spectrometer using 1:300 KBr disks at a recording rate 
of 150 cm ~/min. The exact positions of OH-bending 
modes of goethite were measured at a recording rate 
of 50 cm ~/min using polystyrene as a standard. Mrss- 
bauer spectra of selected samples were taken in differ- 
ent velocity ranges at room temperature, at 77 K by 
cooling the absorber in a cold-finger cryostat, and at 
4.2 K by immersing both the source and absorber in 
liquid helium. A 6-um-thick metallic iron foil was used 
for velocity calibration. 
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Table 2. Chemical and mineral compositions of the samples (air-dry basis). 
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Ct t Fea 2 Feo ~ Mnd 2 Mno ~ SiN.o. 
Sample (%) (%) (%) Feo/Fea (%) (%) Mno/Mna (%) Minerals 4 

Lake Murto 
37AI 0.49 47.8 4.93 0.10 0.05 0.003 0.06 1.63 Gt, Fh 
38B 0.47 45.3 14.87 0.33 0.44 0.41 0.94 2.97 Gt, Fh 
38C 0.63 46.0 13.84 0.30 0.51 0.49 0.96 2.08 Gt, Fh 
38D 0.67 45.8 17.53 0.38 0.29 0.25 0.86 2.27 Gt, Fh 
38E 0.66 43.3 16.14 0.37 1.99 1.91 0.96 2.14 Gt, Fh, (Bn) 
38F 0.64 39.6 13.72 0.35 4.53 4.41 0.97 3.03 Gt, Fh, Bn 
39B 0.65 44.3 20.25 0.46 0.53 0.49 0.93 2.63 Gt, Fh 
39C 0.48 42.4 10.82 0.25 1.87 1.81 0.97 2.03 Gt, Fh 
39D 0.43 46.7 5.58 0.12 0.54 0.46 0.86 2.27 Gt, Fh 

Lake Eno 
44 1.52 44.8 2.39 0.05 0.58 0.32 0.57 0.29 Gt, Fh 
46A 0.98 39.4 6.38 0.16 3.85 3.56 0.92 0.96 Gt, Fh, Lp, (Bn) 
46B I.I 1 39.8 4.58 0.12 2.68 2.44 0.91 0.59 Gt, Fh, Lp 
46C 1.21 31.1 7.03 0.23 6.84 6.47 0.95 0.58 Gt, Fh, Lp, (Bn) 
47A 1.50 48.0 1.71 0.04 0.28 0.05 0.16 0.48 Gt, Fh 
47B 1.60 48.7 1.92 0.04 0.43 0.16 0.37 0.30 Gt, Fh 

t Total carbon. 
2 Dithionite-soluble Fe and Mn, respectively. 
30xalate-soluble Fe and Mn, respectively. 
4 Gt = goethite; Fh = ferrihydrite; Lp = lepidocrocite; Bn = birnessite; ( ) = traces. 

RESULTS A N D  DISCUSSION 

Chemical composition (Table 2) 
Most of  the samples contained 40-48% Fed, indi- 

cating Fe oxides to be the major constituents. Mna 
varied between 0.3 and 6.8%. The oxalate solubility of  
the Fe oxides (Feo/Fe~) varied widely between 0.04 
and 0.46, and was generally lower for pisolitic and 
penny ores (i.e., nodular) than for crust ores. Conse- 
quently, in Lake Eno ores, where nodular ores pre- 
dominate, the average Feo/F% ratio (0.11 + 0.08) was 
significantly lower than that of  the Lake Murto ores 
(0.29 + 0.12), which are of  the crust ore type, except 
for the deepest sample of  site 39 (39D) which is nodular 
and has a lower Feo/Fed than the upper ores of  this 
site. 

For most of  the samples, the Mno/Mnd ratio was 
> 0.9. Most of  the Mn must therefore have been present 
in the form of  separate oxides rather than as Mn in 
goethite, although some may have been incorporated 
in ferrihydrite. The average value of  the oxalate-in- 
soluble Mn (Mnd -- Mno) is only 0.058 + 0.033% in 
Lake Murto material, but 0.274 + 0.052% in Lake Eno 
material. 

The ores of  Lake Eno contained more total carbon 
(avg. = 1.26 + 0.24%) than those of  Lake Murto (0.56 + 
0.10% (CO, which may be due partly to the more fa- 
vorable conditions for bioproduction in the clayey-silty 
sediments and soils of  the Lake Eno area than in the 
sandy-gravelly sediments of  the Lake Murto area. Fi- 
nally, significantly more NaOH-soluble Si was found 
in the Lake Murto samples (2.34 + 0.46%) than in the 
Lake Eno samples (0.53 + 0.25%). 

Iron oxide mineralogy 
Goethite and ferrihydrite were found to be the dom- 

inating iron oxide minerals in all samples. At a similar 
total Fe oxide content, the concentration of  ferrihydrite 
is higher in the crust ores of  Lake Murto than in the 
nodular ones of  Lake Eno, the latter being richer in 
goethite. These concentrations are in line with the dif- 
ference in Feo/F%, because oxalate essentially dis- 
solves ferrihydrite but not goethite (Schwertmann et 
al., 1982). The D X R D  pattern in Figure 1 clearly shows 
the presence of  a five-line ferrihydrite, whereas rea- 
sonably pure goethite was left after the oxalate treat- 
ment. The powdered samples having more ferrihydrite 
(Lake Murto) are redder (Munsell hues = 6.5-7.5YR) 
whereas those in which goethite prevails (Lake Eno) 
are yellower (10YR) (Table 1). Natural ferrihydrites 
are usually rich in adsorbed Si (Carlson and Schwert- 
mann, 1981; Henmi  et al., 1980), explaining the higher 
NaOH-extractable Si in the Lake Murto samples. 

Lepidocrocite was identified in three depths of  one 
sampling site in Lake Eno. Birnessite was present in 
one sample from Lake Murto which contained 4.5% 
Mnd. 

Room-temperature Mrssbauer spectra of  oxalate- 
treated samples 38C and 47A consist mainly of  a 
(super)-paramagnet ic  doublet ,  and a subordinate ,  
strongly relaxed magnetically ordered component.  At 
77 K, Mrssbauer spectra of  sample 38C before and 
after two oxalate extractions were complex, comprising 
a sextet with asymmetrically broadened resonant lines 
and a strong and weak superparamagnetic Fe(III) 
doublet, respectively; after eight oxalate treatments the 

https://doi.org/10.1346/CCMN.1987.0350407 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1987.0350407


300 Schwaertmann, Carlson, and Murad Clays and Clay Minerals 

39B 

I 30cps LJ~ i ~176 100 

Gt Gt 

oxolate 
Gt Gt treated I00 

Gt Gt Gt Gt 

FH .-Z 
I ,oco ,  ,ILL,, I ~,, ,ot,d - -  

minus Z 9 8  
Fh Fh ovzzlat e ( ~  

treated 

O3 
Z : 

ao ' ! . . . .  < 100 60 40 20 I~" 
"20 CoKo~ I - -  

Figure 1. X-ray powder diffraction tracings of sample 39B 
prior to chemical treatment (top), after oxalate extraction 
(middle), and the difference between the two diagrams (bot- 
tom). Gt and Fh indicate goethite and ferrihydrite peaks, 9 8  

respectively. 

doublet was no longer observed (Figure 2c). Because 
of the line asymmetry, the magnetically ordered com- 
ponents were fitted with distributions ofhyperfine fields 
(Murad, 1982). Parameters characterizing the hyper- 
fine field distributions (maxima of distributions at 
48.4 _ 0.1 T, left half widths = 2.0 - 1.8, right half 
widths = 1.1 - 1.0 T) did not change as a result of the 
oxalate treatments, indicating that the treatments had 
little effect on the goethite content of this sample, 
whereas they removed ferrihydrite quite effectively. 
Ratios of areas of the paramagnetic to the magnetically 
ordered components at 77 K were 0.26 for the untreat- 
ed sample and 0.11 for the oxalate-treated sample. For 
sample 47A, a single oxalate treatment was sufficient 
to remove ferrihydrite quantitatively; the maximum 
of the hyperfine field distribution of the remaining goe- 
thite was at 48.5 T, and left and right half widths were 
1.6 and 1.0 T, respectively. 

The existence of residual ferrihydrite in sample 38C 
after one oxalate treastment was confirmed by the av- 
erage quadrupole splitting of the magnetically ordered 
sample of - 0 . 17  mm/s  at 4.2 K. This value is inter- 
mediate between the quadrupole splittings of mag- 
netically ordered ferrihydrite (about - 0 . 05  mm/s) and 
goethite ( -0 .24  mm/s), and thus typical for samples 
containing both of these minerals (Schwertmann et al., 
1982). 

Properties of the goethites (Table 3) 
The mean  crystal l i te  d i m e n s i o n s  MCD~to and  

MCD ~ ~ ~ were very small and on a narrow range of 11- 

96 

I 

-10 

Vt 

I I I I 

- 5  0 5 10 

VELOCITY (mm-s -1) 
Figure 2. Mrssbauer spectra at 78 K of sample 38C prior 
to chemical treatments (a), after two oxalate extraction (b), 
and after eight oxalate treatments (c). 

17 nm (neglecting possible strain effects on line broad- 
ening), indicating a rather poor ordering in these goe- 
thites compared with those from other weathering en- 
vironments (Schwertmann, 1987a). Low temperatures 
and an environment  relatively rich in soluble Si and 
humic substances could have been responsible for the 
poor crystallinity of the goethites. 

The XRD intensity ratio I~,0/I tit was nearly constant 
at 1.3, except for three samples, and agreed well with 
the ratio of 1.2 given by Brindley and Brown (1980) 
for a calculated pattern. It was, however, lower than 
those observed for many synthetic goethites, the higher 
values being due to preferred orientation of acicular 
crystals (Schultze and Schwertmann, 1984). This low 
I~ ~o/It,t ratio suggests a non-acicular morphology for 
the goethite crystals (Schwertmann, 1987a). 

Using the linear empirical relation between c and 
A1, given by Schulze (1984) for 81 synthetic goethites 
of different crystallinities as (mole % A1 = 1730 - 
572.c), to estimate A1 substitution, all values for A1 
substitution are significantly greater than those ob- 
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Figure 3. Relation between unit-cell volume and A1 substi- 
tution for synthetic goethites. The goethites were prepared 
from ferrihydrites containing different amounts of AI in 0.3 
M KOH at 70*(2 (series 28, 31, 34; Schulze, 1984); in 0.3 M 
KOH at 25~ (series 35; Schulze and Schwertmann, 1987) in 
2 M KOH at 70"C (series 12; Schulze, 1984), and by oxidation 
of FeClz-A1CI3 solutions at pH 6-7 and 25"C (series 3/4; 
Schulze, 1983). 

ta ined chemical ly  f rom Ala. This  dev ia t ion  therefore 
cannot  be explained by the extraction o f  A1 from sources 
o ther  than goethite.  The  goethites o f  Lake Murto ,  in 
particular,  conta in  essentially no AI~; yet their  c values 
are significantly smaller  than those o f  pure goethites,  o 
In these goethites the measured  reduct ion  in c therefore "~ 
cannot  be due to A1 subst i tut ion,  as is usual for goe- 
thites. 

Because o f  this var iabi l i ty  on one side and  the rigid 
nature o f  the structure on the o ther  side, a minu te  
increase in a (or b) may  be compensa ted  by a corre- 
sponding decrease in c, which then in i tself  no  longer 
indicates the degree o f  A1 substitution�9 A negat ive cor- 
relat ion does indeed exist be tween a and c o f  the un- 
subst i tuted samples  (Table 3). Thus,  the cell v o l u m e  .,~ 
seems to be a bet ter  indica tor  o f  the contract ing effect 
o f  Al- for -Fe  subst i tut ion than does the value  o f  c. r 

Al though the cell v o l u m e  is strictly correlated with 
AI subst i tut ion for synthetic goethites,  the relat ions for 
different synthesis series are statistically significantly 
different (Figure 3). Depend ing  on the synthesis con- 
dit ions,  cell vo lumes  at zero subst i tut ion var ied  be- 
tween 138.7 and 139.3/~3. An  a lmos t  ident ical  range 
o f  138.8 to 139.5 A3 was obta ined  for a series o f  non-  
subst i tuted goethites o f  var ious  crystall init ies synthe- 
sized between 4* and 80~ (Schwer tmann et al., 1985). 
At  the same A1 substi tut ion,  cell vo lumes  are higher  
for goethites synthesized at 25* that  at 70~ though 
factors o ther  than tempera ture  m a y  play a role too. 

A m o n g  the different curves  shown in Figure 3, the 
one that  was selected for cal ibrat ion was the curve  for 
which the cell v o l u m e  at zero A1 subst i tut ion was clos- 
est to the cell vo lumes  o f  natural  goethi tes  f rom which 
d i th ioni te  extracted no A1 (Aid = 0). This  was the curve  
o f  series 35, which extrapolates  to a cell v o l u m e  o f  
139.3 /~3 at zero A1 subst i tut ion (Figure 3), a value  
close to the cell v o l u m e  o f  139.2 Ax for natural  goe- 
thites conta ining <0 .1% Aid. The  goethites o f  series 
35 were fo rmed  at 25~ ove r  a per iod o f  4 yr, in contrast  
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Table 4. Goethite properties (average) of the two lakes. 

Clays and Clay Minerals 

Cel l  v o l u m e  AI subst .  6 0 .  - "~o. ~ D T A  peak  D i s s o l u t i o n  ra te  M n  a - Mno ~ 
Lake  ~, (mole  %) (cm ~) (~ (hr  t) (%) 

Murto 139.2(1) 0.04(4) 92.8(2.1) 251 0.070(29) 0.057(33) 
Eno 138.0(2) 7.9(5) 97.7(1.5) 258 0.016(8) 0.277(52) 

' Dithionite- and oxalate-soluble Mn, respectively. 

to series 12, 28, 31, and 34, which were formed at 
higher temperatures within a few days or weeks, yield- 
ing goethites with smaller cell volumes (Schulze and 
Schwertmann, 1987). The second 25~ series (series 3/ 
4) was less suitable, probably because the goethites also 
formed rather quickly by oxidation of FeC12-A1C13 
mixed solutions at pH 7. This curve has a much flatter 
slope (0.12) than the others (0.17-0.19). 

Table 3 shows that this approach led to a much better 
agreement between the chemically determined A1 sub- 
stitution and that calculated from XRD data. 

The average unit-cell volumes are significantly dif- 
ferent between the two lakes ( 139.2( 1 ) vs. 138.0(2) ,~3), 
as is the A1 substitution, as derived from Ald and Fed 
(0.07(4) vs. 7.9(5) mole %; see Table 4). 

Inasamuch as both oxalate anddi th ioni te  completely 
dissolved the Mn oxides but only dithionite dissolved 
goethite, the difference Mnd -- Mno could account for 
Mn in goethite. Because Mna - Mno is significantly 
larger in the more goethite-rich samples of Lake Eno 
(0.274 + 0.052%) than in the more ferrihydrite-rich 
samples of Lake Murto (0.058 -4- 0.033%), some Mn- 
for-Fe substitution (too small to be detected by XRD 
line shift) may exist in the Lake Eno goethites. 

A further difference between the goethites from the 
two lakes is the separation between the two OH-bend- 
ing vibrations at ~800 and ~900 cm ' (6OH -- 3'OH) 
in the IR spectra. The average values are 92.8 + 2.1 
and 97.7 + 1.5 c m - '  for Lake Murto and Lake Eno, 
respectively. A similar separation (93 vs. 97 cm-  ~) was 
observed for goethites formed at low (< 40~ and high 
(50"--80~ temperatures (Schwertmann et al., 1985). 
The separation, however, also increases with increasing 
A1 substitution (Schulze and Schwertmann, 1984, 1987), 
so that these two effects cannot be separated in the 
present samples. 

Small but significant differences were found in the 
dehydroxylation temperatures of the goethites from the 
two lakes (251 + 6~ vs. 258 + 4~ The higher tem- 
perature can again be attributed to the A1 substitution, 
in agreement with similar results on synthetic (Schulze 
and Schwertmann, 1984) and soil (Schwertmann and 
Latham, 1986) goethites. 

The goethites were also characterized by dissolution 
kinetics. The rate of dissolution of goethite in strong 
acids has been found to depend on crystal morphology 
(Cornell et al., 1974), particle size (Schwertmann et al., 
1985), and A1 substitution (Schwertmann, 1984). The 
dissolution time curves could be fitted, rather than with 

a simple first-order reaction, with a modified first-order 
reaction as suggested by Kabai (1973): 

C 
1 - ~00 = exp ~koo, (1) 

the linear form of which is 

In In 1/(1 - C/Co) = a I n k  + a In t, (2) 

where k is the reaction rate constant, a is believed to 
be a phase-specific constant, and C and Co are the 
amounts of Fe dissolved at time t and zero, respec- 
tively. 

Nine of the ten curves obtained could be fitted by 
one (7) (Figure 4) or two (2) straight lines (r = .994 to 
1); only one sample showed an S-shaped curve. The 
dissolution rate constants k for the nine samples ranged 
between 0.030 and 0.115 hr ' for the Lake Murto sam- 
ples and between 0.011 and 0.028 hr-~ for the Lake 
Eno samples. The statistically significant difference be- 
tween the average values of the two lakes (Table 4) 
shows that the goethites of Lake Eno dissolve more 
slowly than those of Lake Murto, which, in agreement 
with results obtained on the synthetic Al-goethites 
(Schwertmann, 1984, 1987a), is attributed mainly to 
the difference in A1 substitution. Moreover, a signifi- 
cant correlation was found between k and Feo/Fea (Fig- 
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Figure 5. Relation between Feo/Fe~ and dissolution rate for 
oxalate-treated samples. 

ure 5), although k was measured on the oxalate-treated 
samples and Feo/Fed refers to the untreated sample. 
The relationship may therefore be due to an incomplete 
removal of ferrihydrite by a 2-hr oxalate treatment. 
The partial resistance of ferrihydrite to a 2-hr oxalate 
treatment was demonstrated by M6ssbauer spectros- 
copy (see above) and dissolution kinetics in oxalate. 
Breaks in the plots of log dissolved Fe vs. log time for 
samples 38C and 39C (not shown) show that about 
10% of the total Fe oxides dissolve more quickly than 
the rest. 

GENERAL DISCUSSON 

The different morphology of iron oxide accumula- 
tions in the two Finnish lakes and their ferrihydrite/ 
goethite ratio (as ascertained from Feo/a and XRD) may 
be explained by the different rates of Fe 2§ supply, the 
rate of its oxidation, or both. The greater these values, 
i.e., the more rapidly the oxides formed, the more likely 
massive, irregular crusts formed as opposed to nodular 
forms, and the more ferrihydrite formed as opposed 
to goethite. The oxidation rate is mainly a function of 
water depth (Halbach, 1976) and explains the occur- 
rence of more goethitic, nodular ores in the greatest 
sampling depth (100-130 cm) of Lake Murto (sample 
39D). The Fe supply rate by ground water (entering 
the lake through its sediments or underwater springs) 
depends on the Fe 2§ concentration of the ground water 
modified by the permeability of the sediments. The 
higher Fe 2§ rate into and the coarse (Table 5), 
highly permeable sediments of Lake Murto therefore 

Table 5. Particle size distribution (%) of the bottom sedi- 
ments. 

~ k e  Site Clay Sil t  Sand  Grave l  

Murto 37 1 9 84 6 
38 0 1 58 41 

Eno 44 26 61 13 0 
47 28 63 9 0 

led to crust ores abundant  in ferrihydrite, whereas in 
Lake Eno a low Fe 2+-input rate and the clayey (Table 
5), less permeable sediments resulted in nodular ores 
richer in goethite. The occurrence of lepidocrocite in 
Lake Eno but not in Lake Murto ores supports the 
concept of a lower oxidation rate in Lake Eno, because 
lepidocrocite typically forms by slow oxidation of Fe 2+ 
in fine-grained sediments. 

In addition to the mineralogical composition, the 
goethites themselves are different in the two lakes (Ta- 
ble 4). Most of these differences can be explained by a 
significant difference in AI substitution, which in turn 
appears to be a function of the clay content of the 
bottom sediments (much higher in Lake Eno than in 
Lake Murto, Table 5). The goethites therefore formed 
in two completely different environments,  one very low 
in A1 (predominance of quartz and coarse feldspars), 
and one rich in A1 (predominance of illite, chlorite- 
vermiculite, and some smectite). Synthesis experi- 
ments have shown that clay minerals may supply A1 
during Fe oxide formation (Schwertmann, 1979, 1987c). 
The degree of A1 subsitution in the goethites of these 
lake ores thus appears to be an environmental  indicator 
for these two lakes, reflecting the A1 supply and thereby 
the mineralogy of their immediate environment.  This 
environmental  influence has been demonstrated earlier 
for goethites formed in different soils (Fitzpatrick and 
Schwertmann, 1982; Schwertmann, 1987b). 
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