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Abstract

Minnesota lakes, characterized primarily on the basis of water chemistry, can also be
classified according to the proportions of organic matter, CaCOs, and clastic minerals in
their profundal sediments. The northeastern (group 1) lakes are characterized by shal-
low to very deep basins in Precambrian crystalline rocks, active outlets, and dilute surface
waters. Profundal sediments of these lakes contain no scdimentary calcium carbonate and
can be subdivided on the basis of organic content, Highly organic sediments of group 1
lakes contain more than 30% organic matter (as loss on ignition), but most group 1 lake
sediments contain less than this.

The central group 2 lakes occupy shallow to moderately deep basins in calcareous glacial
till, have inactive outlets as a result of met evaporation, contain more concentrated salts
than group 1 lakes, and commonly precipitate CaCOs during the summer. These lakes
can be subdivided on the basis of sedimentary CaCQs Sediments of group 2 lakes with
more than 30% organic material contain little or no CaCQs. Southern group 2 lake sedi-
ments are characterized by 10-30% CaCO: and 10-30% organic mattcer, Sediments of
western group 2 lakes contain 30-50% CaCO; and about twice as much clastic as organic
materials. Group 3 lakes occupy shallow depressions in calcareous, sulfur-rich glacial
drift of the arid southwestern prairie region and contain even more concentrated salts
than group 2 lakes. Sediments in these lakes are mainly clastic, averaging about 12% or-
ganic matter and 20% CaCOs.

Variations in water and sediment chcmistry, and in sediment mineralogy of these lakes
are clearly related to an increase in climatic aridity and aquatic productivity from north-
east to southwest. Differences in nature of the underlying glacial drift and in degree of

erosion also affect the composition of the lake sediments.

Minnesota has more than 15,000 lakes in
a landscape characterized by diverse bed-
rock and surficial geology (Fig. 1). It also
exhibits marked climatic gradients. Annual
precipitation is 70-80 c¢m in the eastern half
of the state and 50-70 cm in the western
half (Ackroyd et al. 1967). Runoff exceeds
25 cm in northeastern Minnesota, 20 ¢cm in
the southeast, and falls to less than 5 cm in
the west (Minn. Dep. Conscrv. 1962).
Mean annual temperatures range from 2°C
in the northeast to 8°C in the south (Baker
and Strub 1965). According to Bright
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(1968), the balance of precipitation minus
evaporation in the state is positive (0-8 cm)
only in the northeast and is distinctly nega-
tive (~15 to —30 cm) in the west.

The chemistry of surface waters reflects
the combined influences of these environ-
mental variables, and on this basis Gorham
et al. (in prep.) have divided Minnesota
lakes into four distinct geographic groups
(Fig. 2). The northeastern (group 1) lakes
contain dilute bicarbonate waters ( conduc-
tivity <160 umhos cm at 25°C) in shallow
to relatively deep basins (up to 64 m) in
Precambrian crystalline rocks. In this
heavily forested region precipitation exceeds
evaporation, so that the northeastern lakes
have active outlets throughout the year. A
few group 1 lakes are also found elsewhere
on coarse, noncalcareous drift. The central
(group 2) lakes contain bicarbonate waters
of intermcdiate concentration (conductiv-

MARCH 1976, V. 21(2)



260

ORDOVICIAN
DOLOMITE

PRECAMBRIA -
GREENSTONE, SCHIST,
AND GRANITE

CRETACEOUS
SHALE

PRECAMBRIAN
EC BR [FALEOZOIC

QUARTIITE
ﬁ } SANDSTONE

AND DOLOMITE
Fig. 1.

al. 1967 and Winter 1974).

ity 160-500 wmhos cm™ at 25°C) in shal-
low to moderately deep basins in calcarc-
ous drift. The central lakes are found in
both forest and prairie regions, generally
have inactive outlets, and many (or most)
of them precipitate carbonate biogenically
during summer (Megard 1968). Group 3
lakes have high concentrations of bicar-
bonate and sulfate waters (conductivity
>500 wmhos cm™ at 25°C) and occupy
shallow depressions in sulfur-bearing gla-
cial drift (cm. Winter 1974) in the south-
western prairic region. Group 4 consists
of a very few lakes along the western border
with high concentrations of sodium and sul-
fate (conductivity >7,000 wmhos cm™ at
25°C); there are many more such lakes in
the Dakotas (e.g. Mitten et al. 1968).
Within Minnesota, concentrations of dis-
solved salts in lake water increases more
than 1,000-fold from the northeastern lakes
to those of the southwest—this gradient re-
flecting mainly the change from positive
to negative balance between precipitation
and evaporation along the same gradient
(Bright 1968). The boundaries between
groups are rclatively sharp, however, sug-
gesting that surficial or bedrock geology,
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or both, are more important than climate
in determining actual group boundaries.

Here we analyze the major components
of profundal sediments from 46 lakes (14
group 1, 27 group 2, 4 group 3, and 1 group
4) in relation to environmental factors. The
top 10 ecm of profundal sediments from the
deepest portions of the lakes were chosen
for analysis in the belief that they would
provide the best integration of allochtho-
nous materials from the drainage basin and
autochthonous materials produced within
the lake. Analyses of sediments along tran-
sccts in several lakes demonstrated that cx-
cessive solution of sedimentary carbonate
minerals in the deeper portions of some
lakes is the most serious errvor in this as-
sumption. This problem is discussed in a
later scction.

We are grateful to H. E. Wrighs, Jr.,, G. J.
Brunskill, and R. Y. Anderson for helpful
reviews of the manuscript. Additional sug-
gestions, particularly regarding clay min-
eralogy, were provided by W. Parham.

Methods

Undisturbed samples of profuadal sedi-
ments were collected with a Jenkin sampler
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Fig. 2. Map of lakc location and profundal
scdiment composition for all 46 lakes. Lakes ave
numbered in order of increasing salinity, used for
reference in tables. Symbols reflect surface water
salinity (groups 1—4), further modified to scparate
lakes with profundal sediments rich in carbonate
and those rich in organic matter.

(Mortimer 1941, 1942). Depth of penetra-
tion ranged from 10-15 cm in clayey sedi-
ments with little organic matter to more
than 30 cm in flocculent highly organic
sediments. The top 10 cm of core used
docs not represent the same time interval
in all cores. Samples were stored in poly-
ethylenc containers precleaned with hydro-
chloric acid and rinsed with distilled water.

In the laboratory, samples were air-dried
at 90°C and ground to powder. Percent or-
ganic matter and carbonate were deter-
mined by loss on ignition at 550°C and
1,000°C (Dcan 1974). Ignition loss at
550°C was assumed to represent ignition
of organic matter: this was checked
chromatographically with a Hewlett-Pack-
ard CHN analyzer (Fig. 3). Ignition loss
between 550° and 1,000°C was assumed
to represent loss of COs from carbonate
minerals and percent calcium carbonate
calculated by multiplying the percent igni-
tion loss between 550° and 1,000°C by 2.27,
the factor for converting CO; to CaCOs.
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Fig. 3. Scatter plot of organic matter (by loss
on ignition at 550°C) and organic carbon in pro-
fundal sediments of all 46 lakes.

The accuracy of this method has been
checked by comparison with several stan-
dard methods (Decan 1974). Lake sedi-
ments with considerable clay but no car-
bonate usually have a 1.0 to 1.8% weight
loss between 550° and 1,000°C, presumably
due to loss of water from clay lattices; this
converts to 2.3 to 4.1% CaCO; if we assume
that all of the loss is duc to CO; cvolved
from carbonate. However, standard addi-
tions of CaCQOj; to noncalcareous lake sedi-
ment show nearly 100% recovery by the
ignition loss method for CaCO; concentra-
tions above 10% (Dean 1974). The differ-
ence between 100% and the sum of ignition
loss organic matter and carbonate was taken
as the inorganic, noncarbonate clastic frac-
tion. Ignition loss determinations for or-
ganic, carbonate, and clastic components
arc given in Table 1 as percent dry weight.

Total and soluble Ca and Mg were deter-
mined with an atomic absorption attach-
ment for a Beckman DU spectrophotome-
ter. Samples (500 mg) for analysis of total
Ca and Mg were digested and evaporated
to dryness successively in INOy, HF, and
HCL The final dried residue was taken up
in 1.0 N HCl. For samples high in Ca and
Mg, 100-fold dilutions were necessary. The
final solutions contained 1% lanthanum to
suppress interfercnce by silica and alumina.
Samples for soluble Ca and Mg were
leached with 1.0 N ammonium acetate at
pH 52: according to Wangersky and
Joensuu (1967) and confirmed here, this
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Table 1. Location, morphometry, and composition of profundal sediments from all 46 lakes. Lakes
listed in order of increasing total cation concentration in surface waters.
1 2 3 L 5 6 7 8 9 10
MAX. L.0.1. TOTAL ORGANIC L.0.1. TOTAL SOLUBLE
LAKE LAKE COUNTY AREA DEPTH 550-C  CARBON CARBON H N 1000-C  CA - cA -
NO. NAME (SQ KM, ) (M) (%) %) (%) (%) (%) (£3] (2) [£3)

1 BIG ST. LOUIS 6.88 4.57  38.10 18.04  17.60 2.75 1.78 3.10 0.93 0.70

2 IRON CO0K 0.42 5.79 40,20 25.31  24.90 3.55 1.79 3,70 0.84 0.70

3 MOUNTAIN €00k 8.45  66.01 19.20 10.03 9,60 1.69 0.86  3.30 0.81 0.50

4 TROUT c00K 1.05 21.34 21.00 9.00 8.50 1.40 1.00 4.50 1.03 0.50

5 CLEARWATER  COOK 5.36 39.62 15.80 6411 5.80 1.03 0.50 2,80 0.84 0.50
6 WILSON LAKE 2.47  14.02 17,40 8.00 7.70 1.70 0.60 2,40 0.79 0.40
7 SAND POINT  ST. LOUIS 7.33 53,34 17.90 7.59 7.10 1.73 0.63 4.20 0.78 0.60

o 8 KIMBALL CO0K 0.32 5.49 46,90  23.94  23.50 3.58 2.85 3.60 0.88 0.50
O 9 CRANE $T. LOUIS 12.50 24,38 16,90 7.06 6460 1.22 0.82 4,00 0.96 0.70
O 10 O'LEARY ST. LOUIS 0.80 17.07 19.20 9.04 8.70 1.38 0.97 2.20 1.21 0.60
o 11 JOSEPHINE HUBBARD 0.01 11.55 40,20 20.92  20.60 2.89 2.09 2.50 0.87 0.90
O 12 ARCO HUBBARD 0.01 7.60 41.60 21.65 21.30 2.85 2.36 3.60 0.91 1.00
13 DEMING HUBBARD 0.01 17.00 47.90 25.05 24460 3.31 2.74 3.80 0.63 0.80

14 FAROUAR DAKOTA 0.27 1.83  16.30 6.98 6.70 1.05 0.92 2,60 0.80 0.60

15 GEORGE ANOKA 2.19 9.75 39,50 17.67 17.30 3.47 2.16 3,10 1.15 1.00

16 LINWOOD ANOKA 1.98 10.67 35,20 17.16 15.90 3.24 1.97  10.40 5.80 5.10

17 CEDAR BOG ANOK A 0.00 1.22 60,00 28.98  28.60 3.95 3.47 44,20 1.14 0.90

18 SPECTACLE ISANTI 0.97 14.33 43,00 21.47 21.10 3.11 2.66 3.50 1.11 1.10

19 GLADS TONE CROW WING 1.95 9.45 43,40 21.17  20.90 3.12 2.61 3,80 1.61 1.50

20 HAM ANOKA 0.53 6,71  27.20 17.19 12.70 1.78 1.39 37,30 16.40 16.50

21 GREEN ISANTY 3.25 8.53 20,90 14427 10.60 1.36 1.26 30.90 12.70 12.90

22 REEDS WASECA 0.76 17.68 24430 13.71 172.50 1.83 1l.45 10.30 3.44 1.50

23 FRANCIS LESUEUR 3.63  17.68 26,20 14.06 12.80 1.87 1.60  11.10 3,51 2.50

24 NOKAY CROW WING 2.64 13,11 38,40 21.41 19.50 2.76 2.48 15,70 7.60 6.80

25 BEAVER STEELE 0.40 7.32 16,60 12.15 9.00 1.27 0.99 26,60 10.30 9.70

26 MDOSE ITASCA 4486 21.34 6.80 11.81 8440 1.19 0.90 28.30 11.00 10.70

27 BALL CLus ITASCA 15.93 25.91 30.60 17.83 17.10 2.50 1.85 5.60 1.94 170

N 28 ST. OLAF WASECA 0.41 9.14 16,10 10.44 8.20 1.22 0.96  18.00 6.80 6.90
a. 29 CHRISTMAS HENNEPIN 1.05 27.43  18.80 9.53 8.30 1.25 0.99 10,30 3.61 1.50
> 30 LOTUS CARVER 0.98 10,67 16,40 9.06 7.00 0.58 0.87 17.10 6490 6.60
O 31 CLEAR LESUEUR 1.27 6.10 16,50 10.28 8.80 1.48 0.97 12,10 4,80 4,20
& 32 LONG CLEARWATER 0.68 24,38 12,50 10.82 6400 0.82 0.64 40,30 15.20 16.20
©° 33 ELK CLEARWATER 1.21  29.57 24,20 11.78 9.50 1.80 0.99 19.10 6.10 7.80
34 ITASCA CLEARWATER 4,36 13,72 22,30 15.00 10.80 1.52 1.26 34,60 14.30 12.60

35 LITTLE PINE OTTERTAIL 8.24 19.20 17.80 l4e14 8.50 1.17 1.11 46.30 19.90 18.10

36 GROVE POPE 1.53 9.45 21,90 15.53 11.20 1.43 1.25 35,60 14,10 14450

37 FISH COTTDNWOOD 1.21 7.92  16.00 9.95 7.50 1.23 0.92  21.00 7.10 6.10

38 SALLIE RECKER 5.11  14.33  18.80 15.05 9.50 1:51 1.20 46,40 16.50 17.10

39 COWDRY DOYGLAS 0.96 15,85 21,50 14.58  10.80 1.59 1.35 31.30 12.00 12.70

40 MAPLE POUGLAS 3.38 21.95 18440 14466 9.60 1.22 1.13 42,60 15.90 16430

41 MINA DOUGLAS 1.72 37.49 17.10  13.48 8.80 1.49 1.04 39,40 15.30 17.20

@ 42 SHETEK MURRAY 17.40 5.49 15,40 12.04 8.90 1.26 0.91  22.50 9.00 8.10
. 43 BIG KANDIYOHIKANDIYOHI 15.38 3.05 13.30 10.34 Te60 1.13 0.72 22.50 9.30 8430
O 44 ELK GRANT 0.77 7.92 15,60 10.13 7.80 1.35 0.81 19.00 6480 5.30
45 DEAD COON LINCOLN 2.35 3,35 6,40 5.20 2.90 0.51 0.34 19,10 7.50 6440

< 46 SALT LACOUT ‘PARLE 1.00 0.30 11.30 5.38 3.30 0.89 0.41 17,10 6.00 5.70
mean 3.20 15.82 24,59  14.02  12.06 1.85 1.36 16.33 6.24 5.93

gtandard dev. 4.36 12,92  12.24 5.79 6.28 0.90 0.73  14.02 5.69 5.86

low organic mean 4,78 29.45 17.96 7.98 7.59 1.40 0.79 3.25 0.90 0.55
Group 1 standard dev. 4,39 21,09 1.74 1.30 1.27 0.29 0.19 0.88 0.15 0.09

high organic  mean ) 2.56 11.23 41,92 21.58  20.99 3.16 2.37 5.12 1.95 1.75
Group 1 and 2 standard dev. 4,44 6.38 7.09 3.52 3.66 0.41 0.50 3.75 2,17 1.92
intermediate mean 1.58 15.49 18.19 11.28 9.20 1.37 1.06 17.39 6.35 5.75
Group 2 standard dev. 1 47 8.57 5.63 1.71 1.95 0.39 0.25 6.57 2.68 3.26

high carb, mean 2.98 17.16 19.84  1h.47 9.85 1.39 1.16  38.47  15.23  15.41
Group 2 standard dev. 2,44 9.17 3.90 1.62 1.83 0.27 0.21 5.56  2.21 2.10
Group 3 mean 7.38 4.02 12,40 8.62 6.10 1.23 0.64 20,05 7.72 6.76
standard dev. g, 28 2.85 3.78 3.12 2.79 0.34 0.25 2.38 1.41 1.37

reagent dissolves calcite and aragonite but
not dolomite. Results arc given in Table 1
as percent dry weight of sample.
Sediments for size analyses were pre-
trcated with 1.0 N ammonium acetate at
pH 5.2 to remove calcium carbonate and
30% H.0. to remove most of the organic
fraction. They were then washed through
a 44-p nylon sieve. The sand-size fraction

rctained on the sieve was washed, dried,
weighed, and mounted on slides for miner-
alogical analyses. Material passing the
sieve (silt 4 clay) was centrifuged to sep-
arate silt and clay fractions (Jackson 1967).
After centrifugation, the supernatant con-
taining the clay was filtered through a
0.45-u Millipore filter and saved for X-ray
analysis. The silt-size fraction rcmaining
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Table 1. Continued.
11 12 13 14 15 16 17 18 19
X-RAY  X-RAY  X-RAY TOTAL SOLUBLE

LAKE LAKE COUNTY CALCITE ARAGON. DOLCM. MG MG CLASTIC SAND SILT CLAY
NO. NAME (CM) (CM) (cM) (%) (%) (%) (%) (2) (2)

1 816 ST. LOULS 0.0 0.0 0.0 029 0.10 58,80 0.70 19,60  38.00

2 IRON [os]0]3 0.0 0.0 0.0 044 0.07 56.10 1.30  18.70  21.40

3 MOUNTAIN €00K 0.0 0.0 0.0 0.74 0.05 77.50 0.60 31.20 31.80

4 TROUT C00K 0.0 0.0 0.0 0.44 0.12  74.50 0.30 30.10 37,00

5 CLEARWATER  COOK 0.0 0.0 0.0 0.88 0.13  81.40 2.60  33.80 32.80

~- 6 WILSON LAKE 0.0 0.0 0.0 0.82 0.10 80.20 23.50 21,70 34,40
7 SAND POINT ST. LOUIS 0.0 0.0 0.0 0.56 0.04 77.90 13.80 46460 16 .40

8 B KIMBALL COOK 0.0 0.0 0.0 0.53 0.08  49.50 0.30 34,90 22.20
2 9 CRANE ST. LOUIS 0.0 0.0 0.0 0.87 0.07 79.10 0.10 22.80 434,20
O 10 O'LEARY ST. LOUIS 0.0 0.0 0.0 0.93 0.08  78.60 2.60 32430 24,40
& 11} JNSEPHINE HUBBARD 0.0 0.0 0.0 0.51 0.08 57.30 1.50 23.50 21.80
O 12 ArRCO HUBBARD 0.0 0.0 0.0 0.51 0.10  54.80 0.60 25,60 18,40
13 DEMING HUBBARD 0.0 0.0 0.0 0.43 0.08  48.30 0,70 18,20 16.00

14 FARQUAR DAKOTA 0.0 0.0 0.0 0.62 0.08 81.10 0.40 15.40 24,60

15 GEORGE ANOK A 0.0 0.0 0.0 0.52 0.13  57.40 2.10 25.50 25.20

16 LINWOOD ANOKA 10.16 0.0 2.79 0.32 0.15  54.40 1.20 21,40  19.00

17 CEDAR BDG ANOKA 0.0 0.0 0.0 0.24 0.08 35.80 0,30 10,40 12,80

18 SPECTACLE ISANTI 0.0 0.0 0.0 04t 0.13  53.50 2,20 23,90 16.60

19 GLADSTONE CROW WING 0.0 0.0 0.0 0,45 0.15 52.80 6,90 29,90 15,20

20 HAM ANOKA 25.15 0.0 0.0 0.48 0.25 35.50 2420 9.90 12.80

21 GREEN ISANTI 20.32 0.0 0.76 0448 0.23 48,20 1.80 15,70 15.20

22 REEDS WASECA 4432 0.0 2.03 0,98 038 65+40 1.50 25.10 24460

23 FRANCIS LESUEUR 2454 0.0 3.56 1,20 0.64 62.70 2.10 24,70 24,40
24 NOKAY CROW WING 8.89 0.0 0.0 0.46 0.16  45.90 2.00 25,00 25.00

25 BEAVER STEELE 13.97 0.0 1.78 1,13 044 56.80 660 30,00 25.40

26 MDOSE ITASCA 16.51 0.0 2.29 1.45 0.77 54.90 5.80 17.50 24420

27 BALL CLUB 1TASCA 1.27 0.0 0.0 055 0.28 63.80 11.50 28.70 16.80

o 28 ST. OLAF WASECA 11.43 0.0 1.78 0.98 0+42  65.90 1.40 34,30 24,60
o 29 CHRISTMAS HENNEPIN 5.08 0.0 2.54 0.84 0.46 70,90 1.80 31.70 24,00
5 30 LOTUS CARVER 4457 0.0 1.02 1.00 0e46 66450 1.30  27.10  40.40
o 31 CLEAR LESUEUR 5.08 0.0 1.02 1.09 0.53 71.40 0.70 16.70 32.40
~ 32 LONG CLEARWATER 25415 0.0 1.02 1.08 0eb%  47.20 230 24420  11.20
o 33 ELK CLEARWATER 0.0 0.0 0.0 0.45 0.30 56.70 0.30 18.00 7.20
34 ITASCA CLEARWATER 25415 0.51 0.0 0.57 0.34  43.10 0.20 9.40 9.80

35 LITTLE PINE OTTERTAIL 25.15 0.0 0.51 0.71 0445 35,90 1.50 11.60 13.20

36 GROVE POPE 21.59 0.0 0.0 0.93 0+52  42.50 0.30 16,70 18,00

37 FISH COTTONWOOD 11.43 1.02 1.02 1.11 0.58  63.00 2.40 26,70  27.60

38 SALLIE BECKER 25415 0.0 1.02 1.23 0.72  34.80 0.90 9.90  14.60

39 COWDRY DOUGLAS 19.05 1.27 1.02 0.94 0.67  47.20 0.30  18.70 16,40

40 MAPLE DOUGLAS 16.51 1.27 1.02 1.16 0.79  39.00 1.50  11.40  12.40

41 MINA DOUGLAS 22.86 0.76 0.0 0.%90 0.68 43,50 5.90 19.50 15.460

o 42 SHETEK MURRAY 17.78 0.0 1.78 166 0.93 62.10 2.10 22.90 17.60
. 43 BIG KANDIYOHIKANDIYOHI 16.51 1.02 2.29 1.14 0.39 64,20 1.60  36.40 22,20
3 44 ELK GRANT 25.15 1.52 5.59 2.79 0.78  65.40 6.10 28,30 21,00
45 DEAD COON LINCOLN 7.62 0.0 4432 1.28 0.44 T4.50 5.40 29.10 29.00
T 46 SALT LACQUI PARLE 6.35 0.0 1.52 1.46° 0.59  71.60 1.90  21.30  29.00
mean 8.59 0.15 0.88 0.84 0.34 58.86 2.88 23.39 22.30

standard dev. 9.58 6.40 1.29 0.45 0.26 13.69 4.22 8.08 8.39

low organic mean 0.00 0.00 0.00 0.73 0.08 78.78 5.49  29.24 30.58
Group 1 standard dev. 0.00 0.00 0.00 6.18 0.03 2.24 8.59 9.46 8.42
high organic mean 1.56 0.00 0.21 0.43 0.12 52.95 2.h0 23.48  20.65
Group 1 and 2 standard dev. 3.56 0.00 0.77 0.10 0.06 6.97 3.22 6.13 6.43
intermediate mean 7.49 0.10 1.70 1.02 0.50 63.42 2.39 25.18 25.48
Group 2 standard dev. 5.43 0.32 1.00 0.26 0.14 5.79 2.10 6.12 8.27
high carb., mean 22.61 0.38 0.54 0.85 0.53 h1.69 1.69 14.70 13.90
Group 2 standard dev. 3.14 0.54 0.49 0.28 0.20 5.12 1.67 5.04 2.48
Group 3 mean 14,68 0.51 3.10 1.67 0.63 67.56 3.42 27.60 23.76
standard dev. 7.78 0.72 1.77 0.66 0.23 5.25 2.15 5.96 5.07

in the centrifuge tube was dried and
mounted on glass slides for X-ray analysis,
Results of size analyses are given in Table 1.

Sand grains were mounted on a glass
slide with epoxy cement and ground with
400-mesh carborundum grit to give a flat
surface, then etched with HF fumes, and
stained with sodium colbaltinitrite and am-
aranth (Boonc and Wheeler 1968). This

procedure stains plagioclase red, orthoclase
yellow, and leaves quartz grains clear. Per-
centages of quartz, plagioclase, orthoclase,
and accessory minerals were determined by
point-counting at least 100 grains under a
petrographic microscope. Only 23 samples
contained enough sand grains to be counted
(Table 2).

Mineralogy of the silt-size fraction was
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Table 1. Continued.

20 21 22 23 % 75 76 7
X=RAY PEAK HTS, 2-44J { RELATIVE PEAK HEIGHTS (GLYCOL) X=RAY

4,268 4.20 4,18R TOTAL

LAKE LAKE COUNTY QUARTZ F'SPAR  F!SPAR | ILLITE CHLOR. QUARTZ F'SPAR | QUARTZ
NO. NAME (cM)y  (CM) cH) (CLAY) (CLAY) (CLAY) (CLAY) (cM)

1 8IG ST. LOUIS 1.27 1.27 2.54 1.00 1.00 3.00 2.00 3.81

2 IRON COOK 1.52 1.02 4,06 0.0 0.0 1.00 0.0 6.35

3 MOUNTAIN COOK 1.27 0.25 2.03 2.00 2.00 2.00 1.00 7.62
4 TROUT COOK 1.27 0.25 1.02 0.0 1.00 1.00 Q.0 7.62

5 CLEARWATER  COOK 4.57 0.0 0.0 2.00 2.00 2.00 0.0 8.89
6 WILSON LAKE 1.52 1.02 3.56 1.00 1.00 1.00 1.00 15,24

~ 7 SAND POINT sT. LOULS 1.27 1.27 2.54 0.0 1.00 1.00 1.00 5.08
a 8 KIMBALL COOK 2.54 3.05 5.84 1.00 0.0 1.00 1.00 8.89
D 9 CRANE ST. LOUIS 4457 3.05 5.84 1.00 2.00 2.00 1.00 11.43
O 10 O'LEARY ST. LOUIS 3.81 1.78 4457 2.00 2.00 2.00 2.00 25,15
e 11 JOSEPHINE HUBBARD 5,08 4,57 8.64 1.00 2.00 2.00 2.00 17.78
O 12 ARCO HUBBARD 6,10 2.54 3.81 1.00 2,00 2.00 2.00 16,51
13 DEMING HUBBARD 5.08 2.54 5.84 1.00 2.00 2.00 2.00 17,78
14 FARDUAR DAKOTA 4,57 1.78 2.54 2.00 2.00 2.00 1.00 25,15

15 GEORGE ANOK A 3.56 0.25 2.54 1.00 0.0 1.00 1.00 10,16
16 LINWOOD ANOKA 1.78 1.27 2.79 0.0 0.0 1.00 0.0 6435

17 CEDAR BOG ANOK A 44,83 3.56 4.83 0.0 Q.0 0.0 0.0 0.0

18 SPECTACLE ISANTI 4,32 2.54 3.05 0.0 0.0 1.00 0.0 19,05

19 GLADS TONE CROW WING 0.0 0.0 9.0 0.0 0.0 1.00 1.00 g.o
20 HAM ANOKA 3.05 2.54 .57 0.0 0.0 0.0 0.0 10.16

21 GREEN ISANTI 2.03 1.78 2.29 0.0 1.00 1.00 0.0 8.89
22 REEDS WASECA 3.81 0.0 0.0 2.00 2.00 2.00 1.00 17.78
23 FRANCIS LESUEUR 6+35 3.56 5.33 2.00 2.00 2.00 2.00 10.16
24 NOKAY CROW WING 2.29  3.05 3.30 1.00 1.00 1.00 0.0 6435

25 BEAVER STEELE 5.33 0.0 2.79 4.00 2.00 2.00 1.00 13.97
26 MOOSE ITASCA 64,60 3.81 8.38 2.00 2.00 2.00 1.00 8.89
27 BALL CLUB 1TASCA 0.76 0.0 0.25 0.0 0.0 2.00 0.0 8.89

28 ST. OLAF WASECA 6435 0.0 0.0 2.00 2.00 2.00 2.00 13,97
29 CHRISTMAS HENNEPIN 3,56 0.0 2.54 2.00 2.00 2.00 2.00 19,05
‘30 LOTUS CARVER 5.08 2.54 3.56 2.00 2.00 2.00 2.00 T.62

o 31 CLEAR LESUEUR 7.62 4,06 5.33 2.00 2.00 2.00 2.00  16.51
a 32 LONG CLEARWATER 2.54 0.51 2.29 2.00 2.00 2.00 2.00 8.89
2 33 LK CLEARWATER 4,06 1.27 2.73 0.0 0.0 1.00 0.0 0.0
O 34 [TASCA CLEARWATER 3.56 5.59 6.86 0.0 0.0 1.00 0.0 3,05
® 35 ITTLE PINE OTTERTAIL 4.83 6.60 6435 1.00 0.0 2.00 2.00 2.54
O 3¢ GROVE POPE 5.33 2.54 4,06 2.00 2.00 2.00 1.00 8.89
37 FISH COTTONWOOD 6.86 2.03 3.81 2.00 2.00 2.00 0.0 13,97

38 SALLIE BECKER 6,35 4,57 6.86 2.00 2.00 2.00 2.00 5.08

39 COWORY DOUGLAS 2.54 2.03 3.30 1.00 1.00 2.00 1.00 6.35
OUGLAS 6460 4,06 5.33 2.00 2.00 2.00 2.00 5.08

40 MAPLE b UGL 3,30 3.30 4,06 1.00 1.00 2.00 1.00 5.08

2; 2:,2?5,( 33:Rk¢5 5.33 1.52 2.29 2,00 2.00 2.00 1.00 15,24

“ . 2.03 2.03 2.00 3,00 2.00 1.00 15.24
of 43 BIG KANDIYORIKANDIYOHI 223 1.52 2.54 3.00 3,00 2.00 1.00 13.97
o 44 ELK GRANT 7.11 0.0 2.29 3.00 3.00 2.00 2.00 22,86
2 DEAD COON - LINCOLN ARLe 7-37  2.79 4,06 2.00  2.00  2.00  2.00 16.51
mean 4,10 2.04 3.55 1.30 1.36 1.65 1.07 10.81

standard dev., 2.00 1.63 2.08 0.99 0.96 0.60 0.80 6.38

low organic mean 2.86 1.18 2.76 1.25 1.63 1.63 0.88 13,27
Group % standard dev., 1,65 1.03 1.88 0.89 0.52 0.52 0.64 7.93
high organic mean 3.01 1.97 3.65 0.54 0.62 1.38 0.85 9.38
Grgup 1 and 2 standard dev, 1.94 1.45 2.32 0.52 0.87 0.77 0.90 6.59
intermediate mean 5.56 1.73 3.45 2,00 1.80 1.90 1,30 12.19
Group 2 standard dev, 1,41 1.70 2.52 0.94 0.63 0.32 0.82 5.69
high carb. mean .ol 3.35 .60 1.10 1.10 1.60 1.1¢0 6.40
Gr%up 2 standard dev, l{_g5 1.86 1.72 0.88 0.88 0.790 0.88 2.67
Group - mean . 1.57 2.64 2.40 2.60 2.00 1.40 16.76
P 3 standard dev, g?,g 1.02 0.81 0.55 0.55 0.00 0.55 3.52

determined by X-ray diffraction with a
General Electric XRD-5 X-ray unit with
Ni-filtered Cu-Ko radiation, 35 kV, 24 mA,
1° divergence slit, 0.1° receiving slit, 4-s
time constant, full-scale deflection of 4,000
cps, scan rate of 2° 26 per minute, and

chart speed of 1 inch (2.54 cm) per minute.
Representative patterns are shown in Fig.
4. Results of these analyses, expressed as
relative peak heights in centimeters in Ta-
ble 1, provide a scmiquantitative basis for
comparing the mineralogy of silt from dif-
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Table 2. Mineralogy of sand-size fraction from profundal scdiments of 23 lakes.
POTASH PLAGIOCLASE OPAQUE
SAND QUARTZ FELDSPAR FELDSPAR MINERALS OTHER

LAKE (% clastic) (%) (%) (%) (%) (%)
BIG 2.1 46 18 31 4 1
IRON 3.1 29 15 45 1 9
TROUT 0.5 39 35 23

WILSON 29.5 26 26 30 4 13
0'LEARY 4.4 58 14 26 <1 2
ARCO 1.3 47 23 19 9 1
LINWOOD 3.0 52 14 33 1 <1
SPECTACLE 5.1 53 16 28

GLADSTONE 13.3 45 24 27 2 2
HAM 8.8 55 17 22 3 3
REEDS 2.9 46 11 41 <1 1
ST. OLAF 2.3 73 12 13 <1 2
CHRISTMAS 3.2 48 18 33 1 <1
LOTUS 2.0 51 12 31 1 1
LONG 6.2 56 5 32 1 5
LITTLE PINE 5.8 47 20 29 2 3
GROVE 0.9 34 30 33 2 2
FISH 4.3 38 19 42 2 0
SALLIE 3.5 47 18 32 1 2
COWDRY 1.0 46 23 23 7 1
SHETEK 1.4 50 26 23 <1 <1
DEAD COON 8.4 51 15 31 1 2
SALT 3.6 41 16 38 4 2

ferent lake sediments. In most cases two
distinct feldspar pcaks were recognized in
the 3.2A region—onc at 3.20A and one at
3.18A. They probably represent orthoclase
and plagioclase feldspar respectively.
Semiquantitative analyses for mincralogy
of the clay-size fraction (<2 u) werc made
on oriented glass-slide mounts by X-ray dif-
fraction with Ni-filtered Cu-Ko radiation,
as for silt-size mineralogy. The clay min-
erals were oriented with c-axes perpendicu-
lar to the glass slide by pipetting a heavy
slurry of clay in water onto the slide, allow-
ing the clay minerals to settle out with a
preferred orientation, and cvaporating the
water. X-ray diffractograms were made on
air-dried clay mounts and on the same
mounts after saturation with ethylene gly-
col to test for expansion of montmorillonitc.
No attempt was made to separate the 7A
kaolinite and chloritc peaks. Representative
patterns are presented in Fig. 5. Quantifi-
cation of peak intensity is difficult owing
to the poor crystallinity of most samples.
Some samples (e.g. Cedar Bog Pond, Fig.
5) appcar almost cntirely amorphous to X-
radiation and produce no peaks at the in-

strument settings used. All samples were run
at the same scttings to produce comparable
diffraction patterns. Relative intensitics of
mineral peaks in the clay-size fraction are
given in Table 3. The dcgree of crystallin-
ity, based on peak sharpness and intensity
(Carroll 1970), is also given in relative
terms.

Mineralogy of untreated samples was de-
termined by X-ray diffraction of randomly
oricnted powdered samples mounted on
glass slides: representative patterns are
presented in Fig. 6. Semiquantitative re-
sults, expressed as peak height in centi-
meters for calcite, aragonite, dolomite, and
quartz, arc given in Tablc 1.

Results

The geographic patterns of organic, car-
bonate, and clastic materials in profundal
sédiments of Minnesota Lakes are shown
in Tg. 7.

Organic maiter—Organic matter as loss
on ignition in profundal sediments is great-
cst, though not invariably high, in lakes of
the northern and eastern forested regions
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Fig. 4. Representative X-ray diffraction patterns of silt-size fractions of profundal sediments of six
lakes. Q—Quartz; F—feldspar; D—dolomite; I—illite; Chl—chlorite.

(Fig. TA). In all the lakes it ranges from a
high of 60% (Cedar Bog, east-central) to a
low of 64% (Dead Coon, southwestern
prairie) (Table 1; Figs. 7A and 8). The
mean is 24.6% (SD 12.2). This corresponds
to a mean organic-C (total-C minus car-
bonate-C) of 12.1 +=6.3%, and a mean ig-
nition loss : organic-C ratio of 2.13 = 0.40
(Fig. 3). When organic content is mea-
sured as percent total N, most of these sedi-
ments have an organic-C : N ratio of less
than 10 on a weight percent basis, with a
mean ratio of 8.9 (Fig. 9).
Carbonate—Profundal sediments in the
central lakes may contain up to 46% car-
bonate as calculated from loss on ignition
(Fig. 7B). Mean sedimentary carbonate in

all the lakes is 16.3% (SD 14). Mean car-
bonate content in profundal scdiments from
the 27 carbonate lakes (those with greater
than 10% sedimentary carbonate) is 26.3%.
Sedimentary carbonate is restricted to those
lakes with total cation concentrations in sur-
face waters greater than 2 epm, which cor-
responds to Ca®* concentrations >1 epm
(20 ppm) (Fig. 10). Theoretical saturation
values of 22-24 ppm Ca?* can be expected
from the solubility of CaCO; at 25°C and
CO; concentrations in the range 0.033-
0.044% (Hutchinson 1957).

The zero-carbonate baseline in Tigs. 8
and 10, at about 3% carbonate, represents
sediments with no carbonate and is presum-
ably duc to loss of water from clay lattices
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Fig. 5. Representative X-ray diffraction patterns of clay-size fractions, solvated with ethylene gylcol,
of profundal sediments of eight lakes, Q—Quartz; F—feldspar; I—illite; M—montmorillonite; Chl—

chlorite; K—Xaolinite,

(Dean 1974). The value of about 3% ap-
plies only to those samples lacking carbon-
ate. If we assume that those sediments
with 550°-1,000°C ignition losses <5% con-
tain no carbonate, then the mean carbonate
content of sediments in all 46 lakes would
be lowered slightly—to about 15%. The
lakes with profundal sediments lacking car-
bonate include all group 1 lakes, and four of
the more dilute group 2 lakes with relatively

high organic scdiments, all located on
highly leached outwash of the Anoka Sand
Plain (Sims and Morey 1972).

Most of the carbonate is in the form of
low-Mg calcite, although minor amounts of
high-Mg calcite, dolomite, and aragonite
were detected by X-ray diffraction (Table
1, Figs. 6 and 11). The dolomite occurs in
lake sediments in southern and western
Minnesota (Table 1). In addition, X-ray
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Table 3. Mineralogy of clay-size (<2 u) fraction from profundal sediments of all 46 lakes.

KAOLINITE +

Degree of ILLITE CHLORITE QUARTZ -FELDSPAR 12-14 %

crystall- (10 R) (7 R) (3.35 R) (3.2 1) peak
LAKE inity * untr.” g]y.* untr. gly. untr. gly. untr. gly. untr. dgly.
Big poor trs tr tr tr ++ -+ + + A A
Iron poor 0 0 0 0 tr 0 0 0 A A
Mountain fair + + + + + + tr tr A A
Trout poor 0 0 tr tr tr tr 0 0 A A
Clearwater fair + + + + + + 0 0 P A
Wilson poor tr 0 tr tr tr tr tr tr P” A
Sand Point poor 0 0 tr 0 tr tr tr tr P~ A
Kimball poor % tr 0 0 0 tr tr tr tr p A
Crane fair Q  tr tr + + + + tr tr P A
0'Leary good 2 + + + + + + + + P17 R
Josephine fair 2 tr tr + + + + + + P P
Arco fair @  tr tr + + + + + + PT A
Deming fair tr tr + + + + + + P~ A
Farquar poor + + + + + + tr tr A A
George poor tr tr 0 0 tr tr tr tr [ A
Linwood poor 0 0 0 0 tr tr 0 0 P~ A
Cedar Bog poor 0 0 0 0 0 0 0 0 0 0
Spectacle poor tr tr tr 0 + + tr tr p” A
Gladstone poor 0 0 tr 0 tr tr 0 0 P A
Ham poor 0 0 0 0 0 tr 0 0 A A
Green poor 0 0 tr tr tr tr 0 0 p 17 R
Reeds good + + + + + + tr tr p P
Francis good + + + + + + + + P 17 R
Nokay poor tr 0 tr tr tr tr 0 0 A, A
Beaver excel. ++ + + tr P
Moose good + 0 + + + + tr tr P p
Ball Club poor 0 0 0 0 + tr 0 A A
St. Olaf good + + + + + + + tr P_ P
Christmas fair © + tr + tr + -+ + tr P, A
Lotus fair @+ + + + + + + + P, 17R
Clear good 3 + tr + tr + + + tr P A
Long fair 9+ + + + + + + + P P
Elk poor  ¢9 0 0 0 0 tr tr 0 0 A A
Itasca poor 0 0 0 0 tr tr 0 0 A A
Little Pine fair tr tr 0 tr + + + tr p P
Grove fair + tr + 0 + + tr 0 A A
Fish fair + tr -+ tr + + 0 0 A A
Sallie fair + + + + + + + tr p p
Cowdry poor tr 0 tr 0 + tr tr 0 A A
Maple poor + + + + + + + + A A
Mina poor tr tr tr tr + + tr 0 A A
Shetek excel. + + ++ + + + tr tr A P
Big Kandiyohi excel. ™+ + + + + + tr tr P p
Elk (Grant Co.) excel. (D ++ + ++ ++ + + tr tr P P
Dead Coon excel. ++ ++ ++ ++ + + + + P P
Salt excel. o + + + + + + + + P P

* Relative degree of crystallinity for these samples only.

+ Untreated sample, dry on slide.

t Sample after treatment with ethylene glycol.

§ Peak intensities:

++

= very well defined peak;
very poorly defined; O = no peak above background;
12-14 R; A = only low angle background slope at 12-14 A.

+ = well defined peak; tr

trace or peak

P = well defined
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Fig. 6. Representative X-ray diffraction patterns of untrcated samples of profundal sediments of

cight lakes,

diffraction patterns of sediments from scv-
eral of these lakes (e.g. Francis, Bcaver,
Fish, Cowdry, Sallic, Dead Coon, and Salt)
exhibit shoulders at about 29.7° 26 on the
main calcite peak (29.4°), suggesting that
some high-Mg calcite may be present. Some
dolomite in group 3 and high-carbonate
group 2 lakes may therefore be a diagenctic
product of high-Mg calcite, as suggested
by Miller ct al. (1972), or it may be detri-
tal, dcrived from Paleozoic dolostoncs.
Miiller et al. (1972) found primary arago-
nitc only in lakes with a Mg : Ca ratio in
the water of >12. The small amounts of
aragonitc in Minnesota lakes are probably
derived from mollusc shells because the
Mg : Ca in waters from these lakes is gen-
erally <2.

The lake with the most instructive car-
bonate mineralogy is Elk Lake, Grant Co.
(No. 44). Its sediments contain more do-

Q—Quartz; F—feldspar; C—calcite; D—dolomite; A—aragonite.

lomite than any of the other lakes (Table 1,
Fig. 6). Although Elk is not the most salinc
of the lakes studied, it is the only one with
a high Mg : Ca ratio (7.7) in the water.

- X-ray diffraction patterns of its sediments

commonly show two distinct calcite peaks,
one at 29.4° 20 (low-Mg calcite) and one
at about 29.7° (high-Mg calcite) (Fig. 11).
Figurc 12 shows that Elk Lake sediments
(point marked 44 ) contain much more total
Mg than any other lake sediments, but it
is largely in dolomite which is not soluble
in 1.0 N ammonium acetate at pH 5.2
(Wangersky and Joensuu 1967). Accord-
ing to Miiller ct al. (1972), diagenctic
dolomite is found in lakes with high-Mg
calcite as a primary carbonate mineral and
a Mg : Ca ratio in the water of >7.

For most scdiments high in carbonate
(i.e. >10%), about half of the Mg is soluble
in acid ammonium acctate, presumably in
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Fig. 7. Maps showing distribution of percent organic matter (A), percent carbonate (B), and per-
cent clastic material (C) in profundal sediments of all 46 lakes. All values calculated from loss on igni-
tion at 550° and 1,000°C (see text). Note that minimum values for percent clastic and percent organic

matter are 35% and 6%.

solid solution for Ca in the calcite structure
(Fig. 12). The total soluble Mg, expressed
as percent dry weight, increases with in-
creasing Mg : Ca ratio of the water (Fig.
13). In those lakes which precipitate the
most calcium carbonate, i.e. the group 3 and

high-carbonate group 2 lakes, the proportion
of Mg coprecipitated with calcite, expressed
as percent calcium carbonate, increases with
increasing Mg : Ca ratio in the lake water
(Fig. 14). In other words, in lakes of west-
ern and southwestern Minnesota, the Mg :
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Ca ratio of scdimentary calcium carbonate
increases with increasing Mg : Ca in the
water. Figures 13 and 14 also show that for
low-carbonate group 2 lakes (sedimentary
carbonate <30%; Mg : Ca ratio in water
generally <1.0), there is no apparent rela-
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Tig. 10. Semilogarithmic plot of carbonate by
ignition loss in profundal sediments and total ca-
tions in surface waters from all 46 lakes.

tionship betwecn soluble Mg and the Mg :
Ca ratio of the water. However, some of
these lakes contain considerable soluble
Mg. If this Mg is present in solid solution
for Ca in calcite, then these lakes must have
sedimentary carbonates with a higher Mg :
Ca ratio than those of group 3 and high-car-
bonate group 2. This is unlikely because
the Mg : Ca ratios in these waters are much
lower than in the western and southwestern
lakes. Presumably the soluble Mg of the
low-carbonatc group 2 lakes is adsorbed on

D

ELK LAKE (GRANT €O.)
SHORT CORE

LMc

50-60 Cm
DEPTH

90-100 Cm
DEPTH

DEGREES 20

Fig. 11. X-ray diffraction patterns from slow
(0.4° 2¢ min™) scans between 29° and 32° 24 of
sediment samples from two depths in short core
from Elk Lake, Grant Co. HMC, LMC, and D
refer to peaks for high-Mg calcite, low-Mg calcite,
and dolomite.
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clays, because soluble Mg is not high in
lakes with high sedimentary organic matter
(Table 1).

Clastic material—The clastic fraction is
defined as the noncarbonate, inorganic min-
cral material in a sample. Lake sediments
with the largest clastic fractions occur in
northeastern and southwestern Minnesota
(Fig. 7C). Lake sediments from central
Minnesota contain relatively low clastic
fractions, as a rcsult of dilution by carbonate
and organic matter (Figs. 7A and 7B). The
range of clastic material is from 35-81%,
with a mean of 58.9% (SD 13.7).

After destruction of the organic and car-
bonate components, the clastic fraction was
further subdivided into sand, silt, and clay

1.0+
. =}
Mg: Ca
05 o8 a A pag
) | .
- N:46 R ba
3 06| : ©
:. N 3 I a
3 A AI o 2
a? 04+ a2 .
? pot
r 4 a1
5 02 |
N L] A A |
“w A o A . .
Jo A ° ced P ' CaiMg in water - epm
: ‘ ARG e
T T U T T T T 1
0.35 04 05 06 [} 1.0 2 510
Mg:Ca in water - epm
Fig. 13. Scatter plot of sedimentary Mg solu-

ble in 1.0 N ammonium acctate (pIl 5.2), expressed
as percent dry weight, and Mg : Ca ratio in surface
waters from all 46 lakes. (Source of data—Gorham
et al. in prep.)
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Fig. 14. Scatter plot of sedimentary Mg solu-
ble in 1.0 N ammonium acetate (pIl 5.2), cx-
pressed as percent CaCQOs, and Mg : Ca ratio in
surface waters from all 46 lakes.

fractions. Significant proportions of sand
occur in very few profundal sediments and
cxceed 10% dry weight only in three north-
ern lakes. Silt and clay arc present in about
equal proportions in most samples. Mean
values and standard deviations for sand,
silt, and clay, expressed as percent dry
weight, arc 2.9% (+4.2), 23.4% (£8.1), and

4.26 8 quartz
3.IBR feldspar

(silt = size)

TFig. 15. Map showing ratio of 4.26A quartz
peak height to 3.18A feldspar peak height from X-
ray diffraction traces of silt-size materials in pro-
fundal scdiments from 38 lakes.
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22.3% (+8.4). Expressed as percent clastic
material, the respcctive means are 7.3%,
47.6%, and 46.8%.

The sand-size fraction (Table 2) is char-
acterized by a predominance of quartz
(46.9% ), with lesser amounts of plagioclase
(29.8%) and orthoclase (18.6%). No rc-
gional variations exist in the proportions of
these minerals.

The silt-size fraction is also dominated by
quartz and, to a lesser extent, plagioclasc
and orthoclase feldspar (Table 1 and Fig.
4). Most X-ray diffractograms ecxhibit
trace or moderate low angle peaks for clay
minerals as well; most common are illite
(10A) and kaolinitc + chlorite (7A). Fig-
urc 15 illustrates a marked northcast to
southwest change in the mineralogy of the
silt-size fraction. On the basis of pecak-
height ratios, the abundance of quartz rela-
tive to fcldspar is greatest in group 3 scdi-
ments of the arid southwest, and lowest in
group 1 sediments of thc humid northeast.

Most X-ray diffractograms of clay-size
matcrial are characterized by a 3.2A feld-
spar peak, a 3.35A quartz pcak, 3.5A and
7A kaolinite + chlorite peaks, and a 10A
illite peak (Table 3; Fig.5). For some sam-
ples it was possible to distinguish between
the 3.57A kaolinite pcak and the 3.52A
chlorite peak, but for most the 3.5A region
yiclded a broad single peak; no attempt was
made to separate the two peaks by heating.
In some samples, the presence of mont-
morillonite is indicated by the dcevelopment
of a 17A peak from 12-14A mixcd-layer
clays after treatment with cthylene glycol.

The values in Table 3 show no well de-
fined regional differcnces in clay mincral-
ogy, although there is an apparent incrcase
in all clay minerals in sediments from group
3 lakes in southwestern Minnesota. How-
cver, values for percent clay in Table 1
show no regional variation in the amount
of clay-size material. Thercfore, the appar-
ent increase in clay minerals in the south-
western lake sediments is due not to an in-
crease in actual clay mineral content, but
to a higher degrec of crystallinity of the
clay-size fraction, rcsulting in stronger X-
ray diffraction peaks. Most of the clay-size
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matcrial in sediments from group 1 and
group 2 lakes in northeastern and central
Minncsota appears to be X-ray amorphous.
Ross and Kerr (1931) have suggested that
the name allophanc be applied to all X-ray
amorphous clay minerals, regardless of com-
position. Most of this allophane is prob-
ably opalinc silica derived from diatom
remains. Howcver, the fact that the clay-
crystallinity gradient corresponds to the
regional climatic gradient of the statc sug-
gosts that climate has caused a greater al-
teration of clays in the northcast than in the
southwest.

Discussion.

Lake grouping—Figures 2 and 8 show
that the geographic groups of the lakes de-
fined initially on the basis of water chemis-
try (Gorham et al. in prep.) can also be
differcntiated on the basis of profundal
sediment chemistry and mineralogy. The
scdiments of dilutc group 1 lakes on non-
calcarcous drift in northeastcrn Minncsota
arc characterized by an absence of car-
bonate mincrals. Profundal sediments of
the deep (>10 m) group 1 lakes contain
much less organic material (16-21% loss on
ignition at 550°C) than those of thc shallow
group 1 lakes (38-47% loss on ignition).
Three very small outlying group 1 lakes in
Hubbard Co. (Fig. 2; Table 1) arc also rich
in organic matter despite depths of 7.6, 11.6,
and 17.0 m. All three have unusually high
ratios of depth to area and arc sheltered
from wind mixing; as a result, they do not
undergo normal mixing and may remain
stratificd for several years.

Group 2 lakes, of intermediate ionic con-
centration, have the most diverse sediments,
duc mainly to variation in the amount of
precipitated calcium carbonate. They arc
distinguished from group 1 lakes by the
presence of carbonate minerals in profundal
sediments, except in four of the most dilute
group 2 lakes with highly organic sediments
(>39% loss on ignition at 550°C). Waters
of these high-organic group 2 lakes com-
monly have Ca?" concentrations greater
than 1.0 cpm (20 ppm), a lcvel sufficient
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to precipitate CaCOj3 in other dilute, low-
organic group 2 lakes. For example, George,
Cedar Bog, Spcctacle, Ham, and Green are
five relatively dilute group 2 lakes on the
Anoka Sand Plain with very similar water
chemistries (Fig. 2). George, Cedar Bog,
and Spectacle contain >39% organic matter
and no carbonate, whereas Ham and Green
contain 28 and 21% organic matter and 37
and 30% carbonate. Decomposition of or-
ganic matter in the profundal zone of the
high-organic group 2 lakes apparently gen-
erates enough CO; to redissolve any calcium
carbonate that may have formed. Two other
dilute group 2 lakes, Nokay and Linwood
(Fig. 2), with slightly less organic matter
(38% and 35%), contain 16% and 10% car-
bonate in their profundal sediments. These
two lakes are transitional between the car-
bonate-free, high-organic group 2 lakes and
those intermediate in both components.
Sediments of intermediate group 2 lakes,
containing 10-30% organic matter and 10—
30% carbonate, also tend to be intermediate
in dissolved ionic concentration within
group 2 lakes. With two exceptions, Moose
and Elk (Clearwater Co.) (Fig. 2), inter-
mediate group 2 lakes are in south-central
and southwestern Minnesota, where evap-
oration exceeds precipitation, so that dis-
solved salts become concentrated par-
ticularly during summer. Calcium and
alkalinity concentrations in these lakes arc
generally greater than 1.0 and 2.0 epm and
are greater than 2.0 and 3.0 epm during
summer (Gorham et al. in prep.; Bright
1968). Elk Lake (Clearwater Co., No. 33
in Fig. 2) is in west-central Minnesota, an
area dominated by high-carbonate group 2
lakes, although it classifies with the south-
central and southeastern intermediate
group 2 lakes. This lake has a maximum
depth of nearly 30 m; it is the second deep-
est carbonate lake studied. The profundal
sediments at this depth have a carbonate
content of only 19%, which would classify
Elk as an intermediate group 2 lake. How-
ever, sediments from five other stations in
Elk Lake, ranging from 11-24 m in depth,
contain 24-70% CaCQj, with CaCOjz con-
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tent roughly proportional to depth. Most
sediments in this lake would place it as a
high-carbonate (>30%) group 2 lake, and
indeed the surface waters commonly have
Ca?* and alkalinity concentrations of about
2 and 3 epm (Megard 1968; Gorham et al.
in prep.). Elk Lake, like nearby Itasca and
Long Lakes (Megard 1968), undoubtedly
precipitates large quantities of calcium car-
bonate during summer, but dissolution of
carbonate in the deeper waters of the lake
has greatly reduced the amount of car-
bonate being incorporated into deeper pro-
fundal sediments. Moosc Lake, the other
geographic exception in the intermediate
group 2 category, has 28.3% carbonate and
therefore also comes close to being classi-
fied with high-carbonate group 2 lakes.

The high carbonate (>30%) group 2
lakes are all in west-central Minnesota ( Fig.
2). They generally contain less than 30%
organic matter and are also characterized
by inactive outlets and concentrations of
dissolved Ca2?* and alkalinity in excess of
2.0 and 3.0 epm. Detailed studies by Me-
gard (1968) on the precipitation of CaCO;
in two typical high-carbonate group 2 lakes
(Long and Itasca) showed that their sur-
face waters are supersaturated with respect
to calcitc during summer and precipitate
large quantities of calcite. Megard also
found a close correlation between dissolved
Ca?* and alkalinity depletion (presumably
as precipitated CaCOs) and photosynthetic
carbon assimilation in six typical high-car-
bonate group 2 lakes. For the six lakes, an
average of 1 mole of Ca?* was removed for
every 4 moles of carbon fixed by phyto-
plankton photosynthesis. Because of the
high rate of calcite precipitation, the high-
carbonate group 2 lakes generally have ra-
tios of dissolved Mg: Ca >1.0 (Figs. 13
and 14).

Group 3 lakes occupy shallow depressions
in thin, gypsum-bearing glacial drift in the
western and southwestern prairie regions.
Dissolved salts. in the waters of these arid
regions arc more concentrated than in those
of group 1 or group 2 lakes; they are rich
in dissolved magnesium, calcium, sulfate,
and bicarbonate. Profundal sediments from
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group 3 lakes resemble those of intermedi-
ate group 2 lakes (Fig. 8), but are distin-
guished from them by the excellent degree
of crystallinity of the clay-size fraction (Ta-
ble 3), by their low organic content (<16%
loss on ignition at 550°C: Fig. 7A), and by
a strong predominance of the clastic fraction
(62-75%: Fig. 7C). The high Mg?* con-
centration in group 3 lake watcrs is reflected
by relatively high Mg concentrations in the
sediments, presumably due to coprecipita-
tion with calcite (Figs. 12-14). The percent-
age of carbonate in group 3 lake sediments
(17-26%) is less than in high-carbonate
group 2 lake sediments (Figs. 8 and 10),
despite higher concentrations of Ca?* and
alkalinity in the waters of group 3 lakes.
This anomaly presumably reflects dilution
by high silting in these shallow prairie lakes.

A rare fourth group of lakes, character-
ized by very saline waters (conductivity
>7,000 wmhos cm™ at 25°C) dominated by
sodium and sulfate ions, occurs along the
boundary between Minnesota and the Da-
kotas. Group 4 lakes are represented in this
study by Salt Lake. The profundal sedi-
ment of Salt Lake is similar to those of
group 3 lakes and has been included with
them in this discussion. If we treat pro-
fundal sediments as a threc-component sys-
tem (carbonate, organic, and clastic), two
trends are followed by Minnesota lakes
from an inorganic clastic base (Fig. 8).
The first trend, illustrated by group 1 lakes
and most high-organic group 2 lakes, in-
volves addition of organic matter. The
second trend, illustrated by the remaining
group 2 lakes and those of group 3, involves
addition of carbonate to a predominantly
inorganic clastic fraction plus 10-20% or-
ganic matter. As mentioned above, two
high-organic group 2 lakes ( Nokay and Lin-
wood) appear to be transitional.

To test the grouping of lakes, based pri-
marily on water chemistry but subdivided
in relation to major sediment components,
we ran a Q-mode factor analysis on the 25
organic-, carbonate-, and clastic-related
variables listed in Table 1, plus lake area
and maximum depth. By this method, simi-
larities among lakes are examined based
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on the measured variables and coefficients
computed for cach lake. These coefficients,
called factor loadings or factor scores, are
measures of the degrec of similarity among
lakes (e.g. Harman 1967; Morrison 1967;
Sneath and Sokal 1973). So that we could
compare percentages, X-ray diffraction peak
heights, areas, and depths in the same analy-
sis, all values for each variable were divided
by the maximum value of that variable oc-
curring in all 46 lakes (i.e. %; ;/%max; ¢ = 1 to
46 lakes; j =1 to 27 variables). The input
matrix, therefore, consisted of 27 converted
variables, each with a range of 0 to 1.0, and
46 observations (lakes). The actual analy-
sis was don€ using a FORTRAN IV pro-
gram developed by Ondrick and Srivastava
(1970). A total of 10 factors was extracted,
although 83% of the variance in the data
was accounted for about equally by the
first three factors, after a varimax rotation
(Table 4).

Plots of factor loadings for the first three
rotated factors are shown in Fig. 16. Lakes
with the highest loadings for factor 1 are all
high-carbonate group 2 lakes, whereas lakes
with low loadings for this factor are those
with little or no sedimentary carbonate.
Lakes with high loadings for factor 2 are
the high-organic group 1 and group 2 lakes,
and lakes with high loadings for factor 3
are those lakes of all groups with high pro-
portions of clastic material.

Figure 16A illustrates the degree to which
the three lake groups can be segregated by
the factor analysis. Group 3 lakes are seg-
regated by their low loadings for factor 2
(organic fraction) coupled with interme-
diate loadings for factor 1 (carbonate frac-
tion). Group 2 lakes exhibit a wide range
in loadings for both factors, and a few high-
organic group 2 lakes with no sedimentary
carbonate overlap thc high-organic group
1 lakes, which are clearly segregated from
the group 3 lakes.

Figure 16B shows the same organic- and
carbonate-enrichment trends as Fig. 8.
Lakes of all groups with high loadings for
factor 3 (clastic fraction) form a base from
which we can see diverging trends toward
high and low loadings for factor 1 (car-
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Table 4. Loadings for first threc rotated fac-
tors of Q-mode factor analysis, 27 variablcs, 46
lakes.

LAKE LAKE
NO. NAME FACTOR 1 FACTOR 2 FACTOR 3
1 BIG 0.24 0.63 0.54
2 IRON 0.24 0.90 0.21
3 MOUNTAIN 0.21 0.39 0.59
4 TROUT 0.19 0.55 0.47
5 CLEARWATER 0.20 0.32 0.65
6 WILSON 0.19 0.44 0.59
7 SAND POINT 0.23 0.42 0.43
8 KIMBALL 0.28 0.86 0.35
9 CRANE 0.29 0.39 0.66
10 0'LEARY 0.22 0.42 0.81
11 JOSEPHINE 0.30 0.67 0.61
12 ARCO 0.28 0.68 0.64
13 DEMING 0.28 0.73 0.57
14 FARQUAR 0.20 0.40 0.82
15 GEORGE 0.24 0.80 0.45
16 LINWOOD 0.48 0.74 0.24
17 CEDAR BOG 0.28 0.93 0.10
18 SPECTACLE 0.26 0.86 0.32
19 GLADSTONE 0.23 0.81 0.23
20 HAM 0.86 0.41 0.08
21 GREEN 0.81 0.38 0.24
22 REEDS 0.33 0.46 0.74
23 FRANCIS 0.44 0.44 0.73
24 NOKAY 0.53 0.73 0.28
25 BEAVER 0.58 0.27 0.68
26 MOOSE 0.72 0.25 0.57
27 BALL CLUB 0.28 0.61 0.24
28 ST. OLAF 0.48 0.28 0.76
29 CHRISTMAS 0.34 0.33 0.80
30 LOTUS 0.48 0.29 0.75
31 CLEAR 0.45 0.37 0.78
32 LONG 0.78 0.11 0.51
33 ELK 0.58 0.57 0.24
34 ITASCA 0.88 0.38 0.10
35 LITTLE PINE 0.87 0.23 0.29
36 GROVE 0.80 0.30 0.48
37 FISH 0.58 0.31 0.62
38 SALLIE 0.84 0.22 0.46
39 COWDRY 0.79 0.31 0.40
40 MAPLE 0.81 0.20 0.49
41 MINA 0.87 0.24 0.33
42 SHETCK 0.63 0.22 0.59
43 BIG KANDIYOHI 0.59 0.20 0.64
44 ELK 0.57 0.16 0.66
45 DEAD COON 0.41 0.13 0.86
46 SALT 0.48 0.23 0.82
SUM OF SQUARES 12.65 11.57 14.11
% VARIANCE EXPL. 27.50 25.16 30.67

bonate fraction). The lakes with high load-
ings for factor 1 are the western high-car-
bonate lakes of group 2, those with low
loadings are the group 1 lakes together with
a few group 2 lakes lacking sedimentary
carbonate. Three lakes (Linwood, Nokay,
and Elk) appear intermcdiate with regard
to these trends (cf. Fig. 8). Linwood and
Nokay (No. 16 and 24) form a high-organic,
intermediate carbonate subgroup of the
group 2 lakes, and Elk Lake (Clearwater
Co., No. 33) should probably be placed
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Fig. 16, Scatter plots of rotated factor load-

ings, Q-modc factor analysis of 27 variables in pro-
fundal scdiments from all 46 lakes. A—Rotated
factor 1 vs. rotated factor 2; B—rotated factor 1
vs. rotated factor 3. Numbers adjacent to points
refer to lake numbers in Fig. 2 and Table 4.

with the high-carbonate group 2 lakes, for
reasons discussed above.

Associations of variables—Relationsamong
the 27 variables listed in Table 1 are ex-
pressed as a correlation matrix in Table 5.
To simplify analysis of thesc relationships,
the correlation matrix was used as input
for R-mode factor analysis using the FOR-
TRAN IV program developed by Ondrick
and Srivastava (1970). Results of the R-
mode factor analysis from the Ondrick and
Srivastava program were checked using an-
other factor analysis program (BMD X72)
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(Dixon 1970). Results of both factor analy-
ses were almost identical. Loadings for 10
factors from the Ondrick and Srivastava
program, aftcr varimax rotation, arc given
in Table 6. Each of the first two factors
accounts for over 20% of the variance in
the data. The highest loadings for factor 1
are for organic-related variables: loss on
ignition at 550°C, total carbon, organic car-
bon, hydrogen, and nitrogen. The highest
loadings for factor 2 are for carbonate-rc-
lated variables: calcium carbonate calcu-
lated from loss on ignition between 550°
and 1,000°C, soluble Ca, X-ray calcite peak
height, and, to a lesser extent, soluble Mg.

The clastic variables contribute variance
to both factor 1 (organic) and factor 2
(carbonate), but arc inverscly rclated to
the principal variables in cach factor. This
reflects the ncgative corrclation betwecn
percent clastic material and both percent
carbonate and percent organic matter (Ta-
ble 5) and also the two trends ( Fig. 8, Fig.
16B) toward either organic or carbonate
enrichment of a clastic base. Tables 5 and
6 also show that the inverse relationship be-
tween carbonate and clastic material is
closer than the inverse rclationship between
organic matter and clastic material.

The clay-mineral variables of the clastic
fraction, illite, chloritc + kaolinite, and
clay-size quartz, are negatively corrclated
with organic matter but not with carbonate.
On the other hand, the total percentage of
clastic material, and its major componcnt
variables, percent silt and percent clay, do
show a negative corrclation with the car-
bonate fraction. We speculate that this
anomaly can be explaincd by considering
the geographic distribution of lakes exhib-
iting thesc trends. Most high-organic lakes
(groups 1 and 2) are located in north-cen-
tral and northcastern Minnesota (Fig. 2).
In these forested regions, a relatively thick,
moist, acid humus has devcloped, so that
most of the clastic material transported to
the lakes is highly weathercd and low in
total volume. Dilution of this clastic base
with organic matter, both accumulating at
a relatively slow rate, will result in an in-
verse relationship between the organic frac-
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tion and the highly altered clays of the clas-
tic fraction. The carbonatc-rich lakes, on
the other hand, occupy shallow basins in
the arid western and southwestern prairie
regions. There, the soil cover is not well
developed, and crosion is therefore likely
to bé morc rapid. As a result these lakes
receive a greater volume of clastic material
which, because of increased rate of erosion
and low available moisture, is probably less
altered by decomposition. Dilution of this
clastic basc with CaCO;z; at a rclatively
rapid rate results in an inverse rclationship
between carbonate and clastic material,
most of which is relatively unalterced silt
and clay.

The difference in degrec of decomposi-
tion of clastic materials in the northeastern
and central lakes, relative to the southwest-
crn lakes, is suggested by the degree of
crystallinity of the clay minerals. The crys-
tallinity index given in Table 3 is much
higher for clays from the southwestcrn
group 3 lakes than for the northeastern and
central lake scdiments. This increase in
degree of crystallinity is not related to the
amount of clay in the sediments or to the
total amount of clastic material in the sedi-
ments. Gorham et al. (in prep.), in their
study of water chemistry of Minnesota
lakes, found that the boundary between
group 2 and group 3 lakes is not gradual,
as might be expected by increased aridity
alone. They conclude that the sharp
boundary is the result of differences in gla-
cial drift composition supcrimposcd on the
regional climatic gradient. The sharp in-
crease in clay crystallinity in group 3 lake
scdiments is probably related, therefore, to
drift composition as well as to climate.

Factor 3, accounting for 10% of the vari-
ance in the data, is essentially a clay miner-
alogy factor. The fact that no other clastic
variables have high loadings in this factor
suggests that the mineralogy of the clay-size
material is independent of the total amount
of clastic material being introduced into
the lakos.

One might cxpect pronounced regional
differences in the clay mineralogy of the
profundal sediments, becausc bedrock types
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Table 5. Continued.

15 SOLUBLE Mg
16 CLASTIC

AREA
2 MAXIMUM DEPTH

3 L.O.

18 19 20 21 22 23 24 25 1

17

16

% SAND
18 % SILT
19 % CLAY

17

550° C

I.

0.29
0.62
0.70

-0.01

-0.52

-0.40
0.29
0.42

17
18
19
20
21

5 ORGANIC CARBON

6 HYDROGEN
7 NITROGEN
8 CARBONATE

4 TOTAL CARBON
9 TOTAL Ca

0.29
0.07
-0.29
-0.27
-0.17
-0.03
0.06
-0.12
-0.07
0.04

20 4.26 A QUARTZ (SILT)

0.35
-0.19
-0.60

-0.52
0.21
0.26
0.15
0.07
0.26

4.20 A FELDSPAR (SILT)
22 4.18 A FELDSPAR (SILT)

23 ILLITE (CLAY)

21

0.06
-0.26
-0.14

0.34

0.38

0.35

0.18

0.31

0.40

0.38

0.62

0.61

0.39

0.44

0.40

24 CHLORITE (CLAY)
25 QUARTZ (CLAY)
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and associated glacial drift vary consider-
ably across the state (Fig. 1). Preccambrian
metamorphic and igneous rocks predomi-
nate in the northeastern and central parts,
Cretaceous shale dominates the lithology
in the west, and Paleozoic sandstone and
dolomite are dominant in the southeast.
The abscnce of marked regional differences
suggests that weathering, as controlled by
temperature, available moisture, soil pH,
cte., has a greater influence on clay miner-
alogy than bedrock type. Pluth et al. (1970)
also report a general similarity in mineral-
ogy of the <5-u size fraction of 16 soils
throughout Minnesota.

However, a hint of bedrock control on
clay mineralogy is suggested by factor 10,
which accounts for 10.3% of the variance
in the data. Factors 10 and 2 suggest three
contributions of Mg to lake sediments. In
factor 2, soluble Mg is related to the car-
bonate variables, indicating that most Mg
soluble in 1.0 N ammonium acetate is ap-
parcntly derived from Mg coprecipitated
with calcite. In factor 10, however, the
highest loadings are for total Mg and X-ray
dolomite. This association indicates that in
the western and southwestern lakes, which
are high in scdimentary Mg, much of it is
tied up as dolomite which is not dissolved
by ammonium acetate. A third contribution
of Mg indicated by factor 10 is from clay
minerals. Table 5 shows that total Mg has
high positive correlations with both illite
and chlorite. Illite is derived mainly from
the altcration of potassium feldspar and
muscovite, both abundant minerals in acid
igneous and metamorphic rocks. Most
chlorite is derived from pre-existing meta-
morphic rocks (e.g. chlorite schist) and
some sedimentary rocks. It is a common
detrital mineral especially in areas where
metamorphic rocks have been glaciated
(Grim 1953). Consequently chlorite would
be expected to be a major clay mineral in
Minnesota soils and lake sediments and a
major source of Mg in the sediments. Data
from Pluth et al. (1970) show that chlorite
is common in soils throughout Minnesota,
but is most abundant in the northeastern
and cast-central parts underlain by meta-
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morphic rocks. Group 1 scdiments contain
up to 1.0% total Mg, most of which is not
soluble in 1.0 N ammonium acetate (Ifig.
12). Most of the Mg in thesc sediments is
probably tied up in clay mineral structures,
particularly in chlorite. This is in agree-
ment with Callender’s (1969) conclusion
that most of the Mg in sediments from Lake
Superior and Lake Michigan not accounted
for by calcite and dolomite is ticd up in
chlorite. Brunskill ct al. (1971), from their
study of sediments in lakes in the Experi-
mental Lakes Area, northwestcrn Ontario,
also conclude that Mg is not very mobile
and tends to remain in sediments.

Another potentially usceful index of the
degrec of weathering is the ratio of quartz
to feldspar in a particular size fraction. Be-
causc all feldspars are considerably less
durable, chemically and physically, than
quartz, incrcased weathering should in-
crease quartz relative to feldspar. With an
increasced rate of erosion and a decrcascd
degree of weathering, onc might expcct
both the amount of feldspar and the per-
centage of silt, relative to quartz, to increasc
with a consequent positive correlation be-
tween pereent silt and feldspar peak height.
ITowever, from Tables 5 and 6 it appears
that this is not so for the silt-size fraction of
these lake sediments. The loadings for fac-
tor 4, which accounts for 8.7% of the vari-
ance in the data, reflect an inverse relation-
ship between the percentage of silt and
feldspar peak hcights in X-ray diffracto-
grams of silt-size material. This apparent
contradiction may be explained by obscrv-
ing the geographic pattern of silt-size min-
cralogy. The ratio of the 4.26A quartz pcak
to the 3.18A feldspar peak in silt-size mate-
rial is mapped in Fig. 15. In the northeast-
ern group 1 lakes, the quartz : feldspar peak
height ratio is generally less than 1.0. How-
cver, in the southwestern group 3 lakes,
this ratio is gencrally greater than 1.0. The
Precambrian crystalline igneous and meta-
morphic rocks of northeastern Minncsota
would be expected to contain relatively high
proportions of both plagioclasé and ortho-
clasc. The Cretaceous shales of southwest-
ern Minncsota are themsclves weathering
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products and should therefore contain
much lower proportions of feldspars relative
to quartz and clay mincrals. Therefore,
even though chemical weathering is more
intense in the northcast, decomposing feld-
spars at a faster rate, the weathering prod-
ucts that accumulate as silt in the lakes are
coriched in feldspars relative to the less
decomposed clastic debris in the southwest.
Whereas weathcring has more control than
bedrock lithology on clay-size mineralogy,
bedrock type appears to be the dominant
control on silt-size mincralogy. Presumably
this differcnce is a result of the much larger
ratio of surfacc area to volume in clay-size
material, which would make it morc vul-
nerable to decomposition than the silt frac-
tions.

The five rotated factors discussed above
account for 72.4% of the total variance in
the data and incorporatc most of the rcla-
tionships among variables. Of the remain-
ing five factors, cach explains only about
4% of the total variance and is the result of
a single variable. The main contributing
variables in cach of thesc five rcmaining
factors arc: lakc arca for factor 5, X-ray
aragonitc for factor 6, percent sand for fac-
tor 7, maximum decpth for factor 8, and
X-ray quartz for factor 9. It is surprising
that lake area and depth do not corrclate
appreciably with any sedimentary variables
(Table 5). As discussed above, the main
control exerted by depth on mineralogy is
its cffect on the dissolution of calcite. How-
cver, most calcite-precipitating lakes in
Minnesota are sufficiently shallow that dis-
solution is probably minor. Table 5 shows
a slight negative correlation between maxi-
mum depth and organic matter but it is not
significant at the 99% level. A hint of depth
control on amount of scdimentary organic
matter is given by the fact that all deep
lakes (>30 m) contain less than 20% or-
ganic matter in their profundal sediments.
However, for lakes shallower than 30 m,
therc is no relationship between depth and
sedimentary organic matter.

Comparison with other lakes—Thc high-
organic group 1 and group 2 lakes arc the
only Minnesota lakes that have organic con-
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Table 7. Loss on ignition, organic carbon, total nitrogen, organic-C : N ratio, and carbonate in Min-
nesota lake sediments compared with other lake groups. All values are based on weight percent dry

weight.
Loss on Organic Total Organic-C
Ignition Carbon Nitrogen Nitrogen Carbonate Reference
MINNESOTA LAKES:
8 Low-Org. G 1 18 = 2% 81 0.8 + 0.2 9.6 none
13 High-Org. G 1&2 42+ 7 21+ 4 2.4+ 0.5 8.9 none
10 Intermed. G 2 186 9+ 2 1.1 +0.3 8.7 17 £ 7
10 High-Carb. G 2 20 £ 4 102 1.2 £ 0.2 8.5 39+ 6
5 Group 3 12 + 4 6+ 3 0.6 + 0.3 9.5 20+ 2
46 Total 25 + 12 12+ 6 1.4 = 0.7 8.9
16 Precambrian Brunskill
Shield Lakes, et al.
Experimental Lakes 1971
Area, N.W. Ontario 44 + 14 20 + 7 2.1 +0.8 9.7 none
GREAT LAKES:
Ontario® 3.5 0.39 8.2 5.0f Kemp 1971
Erie* 2.5 0.33 8.5 5.9% "
Huron 2.7 0.39 7.7 5.8 "
South. Michigan 1.6:0.7 0.20+0.09 7.6 8.5 = 4.2 Callender
Central Michigan 1.0+0.9 0.18+0.11 5.5 6.4 + 4.6 1969
North. Michigan 1.7£0.8 0.24+0.11 7.1 8.8 + 4.6 "
Green Bay 2.6x1.4 0.31+0.20 8.4 4.7 + 3.3 "
Superior 2.4 0.23 10.6 1.14 "
WISCONSIN LAKES:
Mendota 7.3 0.93 7.8 35 Konrad et
La Belle 7.3 0.65 11.1 45 al. 1970
23 Wisc. Lakes 46 20+10 1.840.78 11.0 not given Compiled by
Brunskill
et al. 1971
ENGLISH LAKES:
5 Group 1| 14.6 6.1 0.49 12.0 none Gorham et
5 Group 2 16.2 7.1 0.57 13.0 none al. 1974
6 Group 3 17.0 7.8 0.65 12.0 none
16 Total 16.0 7.0 0.58 12.3 none

* A11 + values represent one standard deviation.

+ Means of basin samples only; 50 samples for Ontario and 59 samples for Erie.

¥ calculated from values of carbonate-carbon.
§ Kjeldahl Nitrogen.

|| Group 1 (least productive) includes Wastwater, Thirlimere, Buttermere, Ennerdale, and
Crummock; Group 2 (intermediate productivity) includes Haweswater, Coniston, Rydal,
Windermere North Basin, and Derwentwater; Group 3 (most productive) includes Loweswater,
Windermere South Basin, Blelham Tarn, Ullswater, Bassenthwaite, and Esthwaite.

tents in their profundal sediments even ap-
proaching those of lakes in Wisconsin and
the Experimental Lakes Area (ELA) of
Ontario (Table 7). Most of those lakes re-
semble group 1 lakes in their water chem-
istry. As Brunskill et al. (1971) point out,
the high organic content of profundal sedi-
ments in the ELA lakes results not from

high primary production, but from lack of
dilution by clastic material and an abun-
dance of organic matter in soils of the drain-
age basin. Lack of correlation between or-
ganic productivity and sedimentary organic
matter is also noted by Kleerekoper and
Grenier (1952) for Lake Lauzon, a deep
lake on the Precambrian shield of Quebec.
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Although Lake Lauzon is oligotrophic, pro-
fundal sediments contain up to 75% organic
matter (average 45.6%), attributed to in-
hibition of organic décomposition. Gorham
(1958) found that sediments from 54 dilute
and generally unproductive Scottish lakes
had ignition loss values ranging from 4-
70% with a median of only 20%. Those
lakes, however, are in a mountainous region
favorable to erosion of clastic material.

Brunskill et al. (1971) concluded that
most organic material in the ELA lakes is
derived from their drainage basins. A
similar conclusion was reached by Mack-
ereth (1966) for organic matter in profundal
sediments from the English lakes. Data on
sedimentary pigments suggest that an ap-
preciable part of the sedimentary organic
matter in deep unproductive group 1 lakes
in northeastern Minnesota was probably
derived from soils in the drainage basins
(Sanger and Gorham 1970; Gorham and
Sanger 1975). However, in the more pro-
ductive of the English lakes, as in the more
productive Minnesota lakes, pigment data
(Gorham 1960; Gorham and Sanger 1967,
1975; Gorham et al. 1974; Sanger and Gor-
ham 1970) demonstrate clearly that most
organic matter is derived from primary
production within the lakes.

The profundal sediments of the low-or-
ganic group 1 lakes are most like those of
the English lakes insofar as they generally
contain less than 20% organic matter. They
are not nearly so low in organic content as
profundal sediments from the Great Lakes.
The main difference between sediments
from the low-organic group 1 Minnesota
lakes and the English lakes is the higher
C : N ratio of the English sediments. Be-
cause both the English and Minnesota sam-
ples were analyzed in the samc laboratory
at about the same time, there is little chance
that this difference can be attributed to
analytical technique. The higher C : N ra-
tio in the English lake sediments may mean
that on average these lakes receive a greater
input of more resistant soil organic matter,
rich in carbon, than the Minnesota lakes. In
general, differences of C : N ratio in pro-
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fundal sediments are not very great, with
an overall range of 5.5-13.0 (Table 7).

The high-carbonate profundal sediments
from the western Minnesota lakes are clearly
distinguishable from those of most other
lake groups listed in Table 7, except the
high-carbonate Wisconsin lakes, Mendota
and LaBelle.
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