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ABSTRACT 

Owen, R.M. and Wilkinson, B.H., 1983. Mineralogical and biological controls on the 
Fe/Ca and Mn/Ca ratios of lacustrine carbonate allochems. Chem. Geol., 38: 175--181. 

The Fe]Ca and Mn/Ca ratios of lacustrine carbonate allochems are primarily controlled 
by the mineralogy of the carbonate polymorph. However, these ratios are subject to a 
significant degree of biological control among common biogenous carbonate forms of the 
same mineralogy. This suggests the trace-element ratios of the biogenous forms can serve 
as quantitative signals for estimating the primary mineralogy, original composition, and 
extent of diagenetic alteration of ancient lacustrine carbonates. 

INTRODUCTION 

Both  the  abso lu te  and relat ive c o n c e n t r a t i o n s  of  cer ta in  t race  e l emen t s  
(e.g., Sr, Mg, Fe, Mn) in d iagenized  c a r b o n a t e  sequences  p rov ide  clues useful  
in p a l e o e n v i r o n m e n t a l  r econs t ruc t ions .  This i n f o r m a t i o n  also can serve as the  
quan t i t a t ive  basis fo r  mode l ing  the  p a t h w a y s  and  overal l  e x t e n t  o f  d iagenet ic  
a l t e ra t ion  (Pingetore ,  1978;  Brand  and  Veizer ,  1980) .  p rov ided  t h a t  one  can 
m a k e  an accura t e  e s t ima te  of  the  original t r a ce - e l emen t  c o m p o s i t i o n  of  the  
c a r b o n a t e  deposi ts .  This r e q u i r e m e n t  poses  l i t t le  d i f f icu l ty  in m o s t  investiga- 
t ions  o f  mar ine  c a r b o n a t e  diagenesis;  however ,  for  reasons  which  are deta i led  
below,  it  is far m o r e  d i f f icu l t  to sat isfy in the  case of  f r e shwate r  ca rbona tes .  

We are in te res ted  in o v e r c o m i n g  this p r o b l e m  b y  exp lo i t ing  the  biological  
f r a c t i ona t i on  capabi l i t ies  o f  f r e shwa te r  ca rbona te - sec re t ing  organisms.  
Biological  f r a c t i ona t i on  refers  to  the  abi l i ty  of  these  organisms to  regula te  
the  a m o u n t  of  t race  e l emen t s  in the i r  b o d y  fluids, and  thus  to  exe r t  some  
con t ro l  over  the  t r a ce - e l em en t  c o m p o s i t i o n  of  the i r  shell mater ia l .  This ef- 
fec t  is o f  re la t ively  m i n o r  s ignif icance in the  mar ine  rea lm,  insofar  as m a n y  
mar ine  organisms p r o d u c e  shells which  have  a t r a ce - e l emen t  c o m p o s i t i o n  
near ly  ident ical  to  t ha t  o f  inorganica l ly  p r ec ip i t a t ed  c a r b o n a t e s  (Brand and 
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Veizer, 1980). On the other hand, we have recently determined that  the shell 
material of certain common taxonomic groups of freshwater organisms tends 
to have highly characteristic molar Sr/Ca and Mg/Ca ratios (Treese et al., 
1981). In this short communication we report similar findings based on the 
analysis of Mn/Ca and Fe/Ca ratios of these same organisms. Collectively, 
these data suggest that  trace-element ratios can be used to formulate better 
estimates of the original chemistry of ancient lacustrine carbonates and to 
gain insight into the processes involved in their diagenesis. 

RESULTS AND DISCUSSION 

The samples discussed here were collected from Littlefield Lake, a small 
(10.8 km 2) marl lake located in Isabella County in central Michigan, U.S.A. 
Murphy and Wilkinson (1980) have described the basin morphology, mech- 
anisms of carbonate deposition, and facies distribution in Littlefield Lake, 
and we have monitored several chemical parameters of the lake water on a 
monthly basis for a period of 15 months. On the basis of these observations, 
Littlefield Lake is considered to be typical of hard-water marl lakes which 
occur extensively throughout  the north-central U.S.A. (cf. Wetzel, 1960, 
1975). A series of grab samples of lake sediment were sieved to obtain in- 
dividual samples of the various carbonate allochems present. Calcite com- 
ponents include cyanophytic algal oncoids and encrustations on Chara as 
well as calcite sand and mud. The aragonite components  include the three 
dominant  gastropods Amincola integra, Valvata tricarinota and Gyraulus 
deflectus, and the dominant  pelecypod Sphaerium parturneium. The con- 
centrations of Ca, Fe, and Mn in these samples were determined by atomic 
absorption spectroscopy. Details concerning sample preparation and analyt- 
ical procedures have been reported previously (Treese et al., 1981). 

All of the samples collected during this study are Recent carbonates which 
formed in the lake under essentially the same environmental conditions. 
Consequently, we have assumed that  differences in the composition of the 
different genetic groups of carbonates examined here must be due primarily 
to differences in mineralogy and/or biological fractionation rather than varia- 
tions in the temperature and/or water chemistry of Littlefield Lake. This as~ 
sumption probably is not  strictly true since, for example, different taxa may 
achieve opt imum growth rates at slightly different temperatures. However, 
the results of controlled laboratory studies (cf. Buchardt and Fritz, 1978] 
suggest that  such bio-specific responses have a negligible effect on the parti~ 
tion coefficient, at least over the temperature range typical of lakes. 

MINERALOGY AND NON-STOICHIOMETRIC EFFECTS 

The stoichiometric substitution of various trace elements for Ca in carbon- 
ate polymorphs is related to the geometry of the lattice structure and the 
size difference between the substituted ion and Ca 2÷. Ions larger than Ca 2÷ 
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(e.g., Sr 2÷, Ba 2÷, U(VI) )  are m o s t  readi ly  a cc ep t ed  in the  o r t h o r h o m b i c  struc- 
ture  of  a ragoni te ,  while smaller  ions such as Fe ( I I )  and Mn(I I )  are preferen-  
t ially i n c o r p o r a t e d  in to  the  r h o m b o h e d i a l  s t ruc tu re  of  calci te  (McIn ty re ,  
1963;  Fy fe  and  Bischoff ,  1965;  Mill±man, 1974) .  F u r t h e r m o r e ,  since the  size 
d i f fe rence  in ionic radius  b e t w e e n  Mn( I I )  and Ca 2÷ is 14.3% vs. a 21.7% dif- 
fe rence  b e t w e e n  Fe( I I )  and  Ca 2÷, Mn( I I )  subs t i tu tes  m o r e  ex tens ive ly  for  
Ca 2÷ in calci te  than  does  Fe ( I I )  (Berry  and Mason,  1959) .  

These e x p e c t e d  minera logica l  t rends  are general ly  ev iden t  in our  da ta  
(Table  I). The  Mn/Ca  ra t ios  of  calci te  c o m p o n e n t s  are 3 .1 - -11 .1  t imes  
greater  than  those  of  the  a ragoni te  c o m p o n e n t s  and,  excep t  for  S. partu- 
me±urn, the  Fe /Ca  ra t io  of  the  calci te c o m p o n e n t s  are 1 .4- -4 .6  t imes  greater  
than  those  of  the  a ragoni te  c o m p o n e n t s .  Also, wi th in  calci te  groups,  the  
Mn/Ca ra t io  is cons i s t en t ly  higher  than  the  Fe /Ca  ra t io  as wou ld  be antic- 
ipa ted  f r o m  d i f fe rences  in thei r  ionic size. The  reason  for  the  re la t ively high 
Fe /Ca  ra t io  of  the  a ragoni te  shell of  S. partumeium is n o t  readi ly  apparen t .  

TABLE I 

Molar Fe/Ca and Mn/Ca values for Littlefield Lake 

Carbonate form N *~ Fe/Ca .2 Mn/Ca *~ 
(x lO ~) (x lO ~) 

C A L C I T E  FORMS:  

Pisoliths 19 5.28 ± 0.55 16.8 ± 4.5 
Chara 20 6.56 ± 0.69 15.3 ± 1.0 
Sands 20 15.9 ± 1.3 18.4 ± 1.0 
Muds 15 6.61 ± 0.96 20.0 + 1.4 

A R A G O N I T E  FORMS:  

Valvata tricarinota 8 3.43 _+ 0.57 3.70 ± 0.62 
Gyraulus deflectus 11 3.57 -+ 0.49 4.94 ± 0.79 
Amnicola integra 14 3.72 ± 0.58 2.56 ± 0.64 
Sphaeriumpartumeium 4 6.16 ± 1.5 1.79 ± 0.36 

*~ N = n u m b e r  o f  s a m p l e s .  

*~ V a l u e  d e t e r m i n e d  ± o n e  s t a n d a r d  d e v i a t i o n .  

I t  cou ld  be  a biological  f r ac t i ona t ion  e f f ec t  (see fo l lowing discussion);  how-  
ever, since we were  able to  isolate  on ly  four  individuals  o f  this species f r o m  
our  samples ,  it m a y  s imply  resul t  f r o m  the  re la t ively high e r ror  associa ted  
with  d e t e r m i n i n g  a m e a n  value based on  so few spec imens .  

Trace  e l emen t s  which  o c c u p y  non - s to i ch iome t r i c  pos i t ions  relat ive to  Ca 
in c a r b o n a t e s  m a y  be: (1) associa ted  wi th  organic  ma t t e r ,  (2) p resen t  as 
a n o m a l o u s  minera l  inclusions,  a n d / o r  (3) p resen t  in exchangeab le  (adsorbed)  
pos i t ions  (Am±el et  al., 1973) .  The  pre-analysis  t r e a t m e n t  of  the  samples  was 
designed to  min imize  the  e f f ec t  o f  the  first  o f  these  fac tors  and all sample  
g roups  e x c e p t  calci te  sand and  m u d  were  sonical ly  t r ea t ed  to  r e m o v e  non-  
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c a r b o n a t e  minera l  grains. No a t t e m p t  was m a d e  to  r e m o v e  t race  e l emen t s  aci- 
so rbed  on the  samples  because  the  leaching t echn iques  c o m m o n l y  used for  
this p u r p o s e  do  n o t  p rov ide  a quan t i t a t ive  r emova l  (Walls e t  al., 1977) .  Based 
on these  cons idera t ions ,  and  no t ing  t ha t  the  calci te  sand and  m u d  in Little- 
field Lake  are p r imar i ly  der ived f r o m  the d is in tegra t ion  of  C h a r a  encrusta-  
t ions  (Treese e t  al., 1981) ,  it is possible  to  e s t ima te  the  inf luence  of  the lawo 
ter  t w o  non - s to i ch iome t r i c  e f fec ts  by c o m p a r i n g  the  t r ace -e l emen t  rat ios  
d e t e r m i n e d  for  these three  sample  group.  For  example ,  Fe /Ca  ra t ios  d e t e r  
mined  for  C h a r a  encrus ta t ions  and calci te  m u d  are near ly  identical ,  while the  
re la t ively high value fo r  calci te  sand suggests the  p resence  of  non -ca rbona t e ,  
Fe-bear ing  minera l  grains in sand samples.  A similar  a r g u m e n t  can be made  
for  the  p resence  of  non -ca rbona t e -bea r ing  minerals  in b o t h  the  sand and  th(: 
mud .  Final ly,  if we assume tha t  the  d i f fe rence  in the  Mn/Ca  ra t io  be tween  
sand and  m u d  is due  ent i re ly  to a d i f fe rence  in grain size, i.e. grea ter  adsorp-  
t ion  o f  because  of  increased surface  area wi th  smal ler  size, then  as m u c h  as 
8--9% of  the  Mn could  be  p resen t  in adso rbed  pos i t ions  in the  mud.  This d i f  
fe rence  is ac tua l ly  qui te  small cons ider ing  t ha t  surface  area m a y  increase by a 
f ac to r  o f  at  least  l 0  s be t ween  these two  size f rac t ions  (Fi l ipek and Owen,  
1979) ,  several orders  of  m a g n i t u d e  larger than  the  observed  increase in M~l 
concen t r a t i on .  

BIOLOGICAL FRACTIONATION: IMPLICATIONS CONCERNING LACUSTRINE 
CARBONATE DIAGENESIS 

We have  ca lcula ted  an analysis  of  var iance of  our  da ta  to  d e t e r m i n e  the  ex- 
t en t  t ha t  Fe /Ca  and  Mn/Ca ra t ios  are charac ter i s t ic  for  the  var ious  tax()- 
nomic  groups  ob t a i ned  f r o m  Lit t lef ie ld  Lake.  The  resul ts  o f  this analysis,  i~ 
ma t r ix  f o r m  in Table  II,  indica te  the  level o f  s tat is t ical  s ignif icance at  which 
each generic g roup  can be dis t inguished f r o m  all o the r  groups  on the  basis ()~ 

TABLE II 

Analysis of variance matrix of Fe/Ca ratios (above diagonal) and Mn/Ca ratios (below 
diagonal) 

1 ,l 2 3 4 5 6 

1 X .2  A A A A B 
2 A X A A A C 
3 A A X C C A 
4 A A A X C A 
5 A A A A X A 
6 A A A A A X 

,11 = pisoliths; 2 = Chara;  3 = G y r a u l u s  d e f l e c t u s ;  4 = Va lva ta  t r i car ino ta ;  5 = A m n i c o l a  

in tegra;  6 = S p h a e r i u m  p a r t u m e i u m .  

*: Letters indicate degree of statistical significance between Fe/Ca and Mn/Ca ratios for 
each comparison. A = p < 0.01; B = p < 0.1; C = p > 0.1; X = diagonal. 
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these geochemical ratios. For Mn/Ca ratios, the analysis of variance indicates 
that all of the pairings are significantly different (p < 0.1) and that  these dif- 
ferences are highly significant (p < 0.01) in all but one case. Four of the 15 
pairings show no significant difference (p > 0.1) in Fe/Ca ratios. However, 
three of the four cases involve pairings between the three gastropod species: 
A. integra, V. tricarinota and G. deflectus. Apparently each of the gastropods 
examined here incorporates Fe to the same extent,  although Fe/Ca ratios do 
serve to differentiate gastropods from the other biogenous forms. The re- 
maining instance where no significant difference in trace-element signatures 
exists is the pairing between Chara encrustations and S. partumeium. These 
two groups may also incorporate Fe to the same extent, but this interpreta- 
tion is considered tenuous because the analysis of only four samples of S. 
partumeium may have precluded detection of a small but significant differ- 
ence in Fe/Ca ratios of these two groups. 

Trace-element ratios are useful for studying carbonate diagenesis only if 
fairly narrow limits can be established for the composition of each trace ele- 
ment  in the original carbonate, so that  compositional changes which occur- 
red during diagenesis can be quantified by composition to a fixed reference 
point. Investigations of marine carbonate diagenesis have satisfied this condi- 
tion by examining either carbonates which originally were formed via in- 
organic precipitation or biogenous carbonate form which incorporate trace 
elements to the same extent  as the inorganic forms. The incorporation of 
trace elements into the solid phase during carbonate precipitation is de- 
scribed by the relationship (McIntyre, 1963) 

(MT/MCa )s 
K T - 

(MT/MCa)I 

where K T = the partition coefficient for trace element T; M T and MCa = 
moles of trace element and Ca 2÷, respectively; and the subscripts s and 1 de- 
note the solid and liquid phases, respectively. Experimentally determined in- 
organic partition coefficient values for several elements are reported in the 
literature [e.g., see Brand and Veizer (1980) and references therein]. Hence, 
given the constancy of composition of marine waters for elements such as 
Ca, Mg and Sr, and a knowledge of the appropriate KT values, it is possible 
to make reasonably accurate estimates of the original composition of these 
elements in inorganic (and some biogenous) forms of marine carbonates. 

Estimates of the original Fe and Mn concentrations of diagenized marine 
carbonates are less accurate because the concentrations of these elements in 
marine waters are more variable. Despite this greater uncertainty,  these ele- 
ments are still useful for monitoring diagenetic transformations because their 
concentrations in meteoric waters (a common liquid phase in carbonate dia- 
genesis) are significantly greater than in seawater (Turekian, 1972). Because 
of this concentration difference, elements with K T > 1.0 (Fe and Mn) are 
preferentially incorporated into solids during diagenesis, while elements with 
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K T ( 1.0 (Sr and Mg) are preferentially left in the liquid phase (Pingetore, 
1978; Brand and Veizer, 1980). Consequently, even though the initial Fe 
and Mn content  of a original marine carbonate is not precisely known, there 
occurs a trend of increasing Fe and Mn concentrations in the solid phase 
with increasing degree of alteration and re-equilibration. Finally, since Sr and 
Mg will display an opposite trend during meteoric diagenesis, it should be 
possible to extrapolate back from these diverging elemental trends and de~ 
fine an approximate concentration "window"  for the original concentration 
of the diagenized carbonate sequence. 

Inorganic lacustrine carbonates present a more complex situation because, 
compared to marine waters, the concentrations of Sr, Mg, Fe and Mn in lake 
waters are highly variable (Mfiller et al., 1972; Wetzel, 1975, p. 254). Even i[ 
the trace-element partition coefficients for inorganic lacustrine carbonates 
were known, it would be difficult to estimate the original trace-element 
signature of a diagenetically altered carbonate owing to the uncertainty of 
the chemistry of the lake waters from which it was derived. Furthermore, an 
increasing degree of diagenetic alteration would probably not  lead to pro~ 
nounced enrichment or depletion of these elements because their concentra- 
tions in meteoric waters may be quite similar to that  of the lake waters in 
which they formed. 

Based on these considerations, the trace-element compositions of inorgan- 
ic lacustrine carbonates, unlike their marine counterparts, are likely to be 
too variable to be useful in detecting small but significant changes resulting 
from chemical diagenesis. The strong control of trace-element ratios by bio- 
logical fractionation, on the other hand, suggests that  lacustrine biogenous 
forms are well-suited for the purpose of estimating original allochem com- 
positions in diagenetic studies. In fact, given the highly characteristic ratios 
determined for different taxa thus far, the number of independent geochem- 
ical signals which could theoretically be used to monitor  diagenetic processes 
should approach the product  of the number of trace elements and different 
taxonomic forms which are examined. 

SUMMARY AND CONCLUSIONS 

Molar Fe/Ca and Mn/Ca ratios were determined for various carbonate al- 
lochems collected from a typical temperate-region marl lake. The primary 
factor which controls these ratios is allochem mineralogy (calcite or aragon- 
ite). Both Fe/Ca and Mn/Ca ratios are larger in calcites than in aragonites 
and, within calcites, Mn/Ca is consistently higher than Fe/Ca. These differ- 
ences are consistent with the known ability of  different CaCO3 polymorphs 
to accomodate ions of different size which substitute stoichiometrically for 
Ca. Among biogenous allochems of the same mineralogy, biological frac- 
tionation controls the trace-element ratios to the extent  that  various taxa 
have highly characteristic compositions. Inorganic lacustrine carbonates, un- 
like their marine analogs, probably are too variable in composition to be use- 
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ful in diagenesis studies. However, the influence of biological control on 
trace-element ratios suggests that biogenous forms can serve as quantitative 
geochemical signals for estimating the primary mineralogy, original composi- 
tion, and extent of diagenetic alteration of ancient lacustrine carbonates. 
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