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ABSTRACT 

Sediment cores from twelve lakes in lower Michigan and one in southern Ontario were examined 

in search of annual laminations containing authigenic carbonate minerals. Nine lakes contained 

some degree of such laminations, but lamination quality and mineral abundance varied 

considerably due to localized hydro logic effects. The exceptional nature of sediment records 

from three lakes made them subject to detailed study. All three were supersaturated with respect 

to calcite in their epilimnetic waters, though carbonate minerals were not detected in surface 

sediments of the lake with undersaturated hypolimnetic waters. Empirical and model evidence 

suggests that calcite dissolution in hypolimnetic waters acts as a primary control on sediment 

calcite abundance. 

The Holocene varves of Derby Lake, MI, record high- and low-frequency variability in 

sediment calcite and organic carbon abundance through the Holocene to 8700 calendar years 

before present. These data exhibit many low-carbonate intervals that generally persist for less 

than a century in but increase in frequency through the latter part of the record. Some intervals 

occur in concordance with known Holocene paleoclimatic events, including the globally 

recognized 8200 cal yr BP event. In sediments that have accumulated since 1890 AD, periods of 

high carbonate abundance correspond to intervals of below-normal temperature and above-

average precipitation. This climatic regime favors limnologic conditions conducive to calcite 

preservation. 

Authigenic siderite occurs in isolated intervals of high abundance (up to 80%) in the 

Holocene varves of Otter Lake, MI. Iron concentrations at present are an order of magnitude 

lower than required for siderite saturation. The stable-isotopic composition of siderite carbon in 

high-abundance intervals is enriched several per mille relative to lake inorganic carbon values, 

which may indicate a dissolved inorganic carbon input from methanogenic sediments. Siderite 

likely precipitated at or near the lake bottom during periods of enhanced iron supply and 

incomplete lake circulation. 

Geochemical indicators of human disturbance occur in sediments of Crawford Lake, 

Ontario coincident with periods of documented Iroquois and European activity in the watershed. 

Elemental indicators of landscape erosion and chronology are sensitive enough to detect a three-

decade abandonment of an Iroquois village near the turn of the 15th century. 
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CHAPTER 1: ANNUALLY LAMINATED SEDIMENTS CONTAINING AUTHIGENIC 

CARBONATE MINERALS: GENERAL CONSIDERATIONS, REGIONAL 

COMPARISON, AND INSIGHTS FROM GEOCHEMICAL MODELING. 



INTRODUCTION 

Cycles in sedimentary deposits fascinate geologists because the environmental changes 

hypothesized to generate such deposits are readily identifiable with a human experience also 

dominated by cycles. Identification of cycles occurring in Earth history also implies a 

predictability of future phenomena. Some cycles are indisputable and regular in their 

periodicities (e.g. diurnal, annual, Milankovitch); while others, including many cycles identified 

in paleoenvironmental archives, are quasi-periodic and identified only using mathematical 

transforms of time series data. Cycles varying in length from basin-scale supercontinent cycles 

lasting hundreds of millions of years to small bundles of daily and monthly tidal cycles have been 

described by sedimentary geologists worldwide. The work presented in this thesis has a unifying 

theme of seasonally laminated sediment, that is a sedimentation cycle that records changing 

sedimentation conditions reflecting seasonal changes that occur in the course of a calendar year. 

Such sediments are known as varves. 

De Geer (1912) first applied the term varve to describe seasonally laminated sediment 

found in glacial lake exposures in Scandinavia. He coined the term from the Swedish word varv 

(layer), and in a strict sense the term means the sediment deposited in one year. (De Geer was a 

notable wordsmith, also adding the terms 'geochronology' and 'teleconnection' to the geologist's 

lexicon.) Other terminology includes 'annual lamination', and the more rare 'seasonal 

lamination'. O'Sullivan (1983) points out that the term 'annual lamination' suggests a 

homogenous layer deposited in one year, and not the couplet or more complex sequence found in 

most varves, and suggests that 'seasonal lamination' is a more correct term. 

The sediments described by De Geer-couplets consisting of a coarse silty layer 

deposited in turbid waters during summer months, and a finer-grained clay cap deposited under 

ice cover-formed in proglacial lakes and are the classically-defined varves depicted in 

introductory geology texts. Less commonly popularized, but perhaps of greater importance to 

scientists, are varves that form from seasonal changes in both the physical depositional 

environment and the associated chemical and biological changes that accompany them, referred 

to alternately as 'non-glacial', 'composite', or 'biogeochemical' varves. Non-glacial varves were 

known as early as the 1920s (e.g. Nipkow 1927, cited in Ke Its and Hsu 1978), with many new 

occurrences described in the ensuing decades. O'Sullivan (1983) classifies varves into four 

types: (1) biogenic varves, composed of organic matter and microfossil remains; (2) calcareous 

varves, composed in part of calcium carbonate; (3) elastic varves, composed entirely (as in glacial 
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varves) or in part of allochthonous mineral material; and, ( 4) ferrogenic varves, composed in part 

of iron minerals. In practice, many varved sites will contain elements of overlap among 

O'Sullivan's classifications. For example, the varves of Elk Lake, Minnesota, are calcareous, 

contain seasonal changes in organic components, and also contain ferriferous sub-lamina 

(Anderson 1993). Hence, it is most clear to refer to varves as strictly glacial or non-glacial, and 

describe their components in detail rather than adhere to a strict classification scheme. 

Varve Formation 

Varve formation has two fundamental requirements: (1) seasonal changes in sediment flux to the 

basin floor, and (2) an undisturbed environment for these sediments to accumulate, i.e. where the 

rate of deposition exceeds the rate of sediment disturbance by processes such as bioturbation. 

Sediment trap studies demonstrate that a seasonal cycle of sedimentation in lakes both large and 

small leads to the formation ofvarved sediments (Anderson and Dean 1988). Anderson (1993) 

and Nuhfer et al. (1993) combined detailed sediment-based and sediment trap studies, 

respectively, to understand the varving process in Elk Lake, Minnesota. Lotter et al. (1997) used 

high-resolution petrographic and chemical analyses of a freeze core to document the varving 

process in Baldeggersee, Switzerland. Many other examples of combined sediment trap and core 

based studies may be found (e.g. Ke Its and Hsu 1978), all site specific in nature. This research 

has proven invaluable in terms of understanding the interaction between seasonal cycles of 

biological productivity and authigenic mineral precipitation that lead to the formation of 

laminated sediments. 

Because most lakes fulfill the first requirement of seasonal changes in sediment 

deposition, it is the second requirement that is most essential for varve formation in non-glacial 

settings. Anoxic conditions at the sediment-water interface are often cited as a necessity for 

varve formation because this inhibits bioturbation by benthic burrowing communities. Hence, 

basin morphometry is perhaps the over-arching control of varve preservation as small, deep 

basins are most resistant to seasonal and wind mixing, and promote anoxic conditions in bottom 

waters. Anthony (1977) referred to such small, deep basins as 'overdeep' lakes, and O'Sullivan 

(1983) found that most reported cases ofvarves came from such small overdeep lakes, like Lake 

of the Clouds, Minnesota, with a secondary population ofvarves reported from very large, deep 

lakes, like Lake Malawi in East Africa. 
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Examples of Previous Varve Sediment Studies 

The appeal of varved sediments to scientists is their potential as timekeepers. Like tree rings, 

corals, and ice cores, varved sediments are one of the few windows into the Earth's history that 

records the passage of each year. This exceptional resolution in varved sediments makes them 

useful in a variety of applications. Discrepancies between varve counts and radiocarbon dates in 

Lake of the Clouds, Minnesota, helped lead scientists to the realization that the radiocarbon 

timescale required calibration (Stuiver 1971 ). Successive attempts at calibrating radiocarbon 

dates with varve counts from freshwater sequences have proved unreliable because of a 

widespread problem with 'missing' varves, but a varve sequence from the Cariaco Basin off the 

coast of Venezuela has produced reliable radiocarbon calibrations for a late-glacial portion of the 

radiocarbon timescale (Hughen et al. 2000, and discussion in Bjorck and Wohlfarth 2001). 

As internal chronometers, varves have been used in a multitude of studies to examine 

continental paleoclimate (e.g. Bradbury and Dean 1993). Further, varves themselves may reveal 

valuable paleoenvironmental information, as in the case of the varve-thickness based studies of 

Anderson (1993) and Slawinski (1998). The success of these studies may be misleading 

however, as varve thickness data are often ambiguous (e.g. Goslar 1998) and best understood in 

simple elastic-dominated or glacial systems. 

Detection of paleoclimate cycles from varve data using time-series analysis techniques 

has yeilded intriguing result.s. Glenn and Kelts (1991) reviewed the literature concerning the 

presence of cycles in laminated sequences, and additional studies since have added to the 

literature, including the detection of suggested solar cycles (Anderson 1985, Slawinski 1998), and 

high-frequency cycles in the domain of the El Nino-Southern Oscillation (Rittendour 2000, 

Godsey at al 1999). 

Studies of historic and pre-historic human impacts have also been a fruitful area of varve 

research. Zolitschka and Negendank (1997) report a three-fold increase in the sedimentation rate 

around 750 B.C. in the laminated sediments of Lake Holtzmaar, Germany, attributable to large-

scale land clearance concomitant with the onset of the Bronze Age in the area. The laminated 

sediments of Crawford Lake, Ontario, allowed for precise determination of the timing of Iroquois 

activity near the lake, and deposition of pre-Columbian purslane pollen in those sediments around 

1360 AD (Byrne and McAndrews 1975, Ekdahl et al. 2004). 
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Objectives of this Research 

The research presented in this thesis has a common basis in the study of small lake systems with 

annually laminated sediments. Additionally, the three lakes selected for detailed study all contain 

varves composed partly of authigenic carbonate minerals. This work examines the delicate 

interplay between primary lake productivity, authigenic mineral precipitation, and external events 

that may affect these systems, such as climatic change and human activity. The problems this 

work addresses were driven by observations from the sediment record, attempts to understand 

these changes in existing conceptual frameworks for small lake carbonate precipitation, and new 

insights from simple geochemical modeling exercises and literature review. When possible, 

insights from studies of modern process gained from calibrating recent sediment accumulation 

with known records of climate change or human activity in the watershed provide insight into the 

mechanisms that govern the older sedimentary record generated by these systems. In all cases the 

remarkable chronologic resolution allowed by annually laminated sediments provide seasonal 

insight to the processes occurring, with varve records further contributing to understanding of 

both Earth history and process. 

STUDY AREA 

Sediment from twelve lakes in Michigan and one in Ontario were considered in this study (Figure 

1-1 ). The region can be characterized as broadly continental in climate, with strong seasonal 

gradients in temperature and precipitation with strong changes in precipitation minus evaporation 

across the region. In lower Michigan, a north-south mean annual temperature gradient, with 

higher temperatures generally to the south, is also present (Figure 1-2). Some lake-effect 

precipitation anomalies are found near Lakes Michigan and Huron in the area of southern 

Michigan (Eichenlaub et al. 1990). 

Although substrates vary considerably from heterogeneous glacial sediments of lower 

Michigan to the Silurian dolostone bedrock of the Niagara escarpment of southern Ontario, all 

sites were covered during the maximum extent of the most recent Pleistocene glaciations. This 

also gives the region its characteristic subdued topography, and most of the lakes featured in this 

study sit on glacial tills or outwash. The only exception is Crawford Lake, Ontario, which lies in 
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Figure 1-1. Regional precipitation minus evaporation (after Winter 1989) and location of lakes 

cored in this study. 
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a small valley carved into the Silurian dolostone bedrock, most likely created by the action of 

glacial meltwater. 

Vegetational gradients exist across the region and are in some places steep and extreme. 

In Michigan, vegetation gradients trend east-west. Prairie ecosystems are generally not 

encountered in Michigan, as the southern portion of the state is readily characterized by 

deciduous forest, and approximately halfway up the lower peninsula is the ecotone between 

deciduous and mixed-coniferous forest. The presence of a large network of small glacial lakes, 

climatic and ecological gradients, make this region ideal for comparative limnogeological study. 

Three lakes were selected for detailed study because their sediments contained high-

quality annual laminations composed in part of authigenic minerals. Derby Lake contains a high-

resolution record of varying calcium carbonate abundance in its laminated Holocene sediments. 

Otter Lake contains laminations in part composed of a rare authigenic iron carbonate-siderite. 

And Crawford Lake contains laminated sediments that record biogeochemical responses to over 

700 years of human activity in its southern Ontario watershed. 

METHODS 

Lakes were selected for coring on the basis of size and depth. Location of coring sites was 

determined by GPS, triangulation, and depth sounding survey. Piston cores were recovered using 

the LRC Kullenberg raft system, a fully portable Kullenberg-type corer capable of coring in deep 

waters and recovering cores from one lake per day, modified from the design described by Kelts 

et al. (1986). Gravity cores were recovered simultaneous with Kullenberg coring operations. 

Aluminum-wedge freeze cores were also collected concomitant with long coring operations and 

also on separate coring trips. Ten lakes were cored in Michigan in June 1999. A second trip was 

made to Michigan and Ontario in June and July of 2001. These operations recovered a total of 48 

freeze, gravity and piston cores (Tables 1-1 and 1-2). 

Limnologic data and water samples were gathered at each site during coring operations 

by Jane Teranes (Scripps Institution of Oceanography). Dissolved oxygen and temperature were 

measured in situ using a combined probe. Water samples were collected using a VanDorn non-

metallic sampler at surface (0 m), 2.5, 5, 10, 15, and 20 meters. Alkalinity and pH were 

determined in the field by titration and portable sensor, respectively. Samples were sterilized 

with a few drops of cadmium acetate and refrigerated for later analyses for dissolved inorganic 
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carbon (DIC), major cations, and stable isotopic composition of carbon and oxygen at the 

University of Michigan. Cations were measured using an ICP atomic emission spectrometer 

(ICP-AES); anions were measured with a Dionex 4000I ion chromatograph. Dissolved inorganic 

carbon (DIC) was measured using coulometry. 

Kullenberg and gravity core materials were collected in polycarbonate liners and cut to 

1.5 m lengths for transport and storage. Prior to splitting, cores were logged on a Geotek core 

logger for gamma density and magnetic susceptibility. Cores were split, described, 

photographed, and archived following the protocols of the Limnological Resecarch Center core 

laboratory. Basic core description included visual description of sediment texture and structure, 

petrographic analysis of smear slides for bulk sediment composition, and digital photography. 

Additional visual descriptions, smear slide analysis, and photography were performed on cores of 

interest. 

Thin sections were prepared from selected laminated sediments using both acetone-

exchange and flash freeze/freeze dry methods of desiccation, and impregnation with Spurr's 

epoxy after the methods described in Lotter and Lemcke (1999) and a more practical treatment of 

the procedure in Lamoureux (1994). The acetone-exchange method produces the highest-quality 

thin sections, particularly in sediments high in organic content (Card 1994), but the method is 

extremely time consuming and expensive due to the large volumes of acetone and epoxy 

required. The flash-freeze/freeze dry method is less time consuming, but cracking and shrinkage 

of organic layers commonly occurs. Thin sections were prepared by National Petrographic Inc., 

and analyzed under petrographic microscope. 

Concentrations of total carbon (TC) and inorganic carbon (IC) were determined at the 

University of Minnesota with a UIC coulometer, which undertakes coulometric titration of C02 

following its extraction from the sediment by combustion at 950° C and acid volatilization, 

respectively (Engleman et al. 1985). Percent organic carbon (OC) was determined by difference 

between TC and IC. Carbonate content was determined by multiplying percent inorganic carbon 

by 8.33. Organic matter content may be estimated by multiplying percent organic carbon by two 

(Dean 1999). The accuracy of this method is 0.10 wt% (ls= 0.079) for TC and 0.10 wt% (ls= 

0.084) for IC as determined from replicate standards. IC and OC were determined on a limited 

number of surface sediment samples by loss on ignition (LOI) at 1000° C and 500° C, which are 

the respective temperatures at which C02 evolves from carbonate and organic carbon materials 

(Dean 1974). Prior to LOI analysis samples were dried overnight, and all sample weights were 

determined after cooling to room temperature. 
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TABLE 1-1 

Lake Name Surf. Area (km2) max depth (m) Location (lat, long) Core Type and number 
Big Lake 0.83 25.9 43°50'58" N, 85°11 '41" W Gravity (1), Piston (2) 
Blue Lake 0.46 27.4 44°51 '15" N, 84°54'42" W Gravity ( 1 ), Piston ( 1) 
Bradford Lake 0.92 31.1 44°52'15" N, 84°42'30" W Gravity ( 1 ), Piston (2) 
Crawford Lake 0.03 24 43°28'06" N, 79°56'54" W Freeze (2), Gravity (2) 
Derby Lake 0.48 26.5 43°16'15" N, 85°7'35" W Freeze (2), Gravity (4), Piston (4) 
Gull Lake 8.22 33 .5 42°24' N, 85°25' W Gravity (2), Piston (2) 
Half Moon Lake 0.96 27.5 42°25'05" N, 84°01 '40" W Freeze ( 1 ), Gravity ( 1 ), Piston (3) 
Heart Lake 0.25 37.5 44°53'33" N, 84°41 '34" W Freeze (1), Gravity (1), Piston (2) 
Miner Lake 1.32 25.3 42°33 '57'' N, 85°47'30" W Gravity (2), Piston (2) 
Otter Lake 0.28 35.7 43°13'10"N, 83°27'30" W Gravity (2), Piston (1) 
Silver Lake 0.30 27.4 45°16'11"N, 84°37'50" W Gravity (1), Piston (1) 
Thumb Lake 1.96 47.7 45°11 '30" N, 84°45'05" W Gravity ( 1 ), Piston (I) 
Union Lake 1.88 33 .53 42°36'21" N, 83°24'42" W Gravity (I), Piston (I) 

Table 1-1. List of lakes cored in exploratory study. 
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TABLE 1-2 

LakeName Degree of Lamination Sediment composition Note 
Big Lake Laminated 1.3% IC, 13.4% QC Carbonate-rich horizons occur down core. 
Blue Lake Partly Laminated 10.0% IC, 5.1% QC Organic-rich and massive horizons occur down core. 
Bradford Lake Partly Laminated 6.5% IC, 5.8% QC Laminations interrupted by horizons of mass wasting. 
Crawford Lake Laminated 5.2% IC, 13.3% QC See Chapter 4. 
Derby Lake Laminated 4.1% IC, 10.2% QC See Chapter 2. 
Gull Lake Massive 7.5% IC, 4.6% QC Some laminations at surface. 
Half Moon Lake Laminated 8.0% IC, 5.9% QC Organic-rich bands occur down core. 
Heart Lake Laminated 0.1% IC, 29.4% QC Laminated through early Holocene. 
MinerLake Partly Laminated 6.4% IC, 5.5% QC Laminated through early Holocene. 
Otter Lake Laminated 0.0% IC, 16.0% QC See Chapter 3. 
Silver Lake Massive 7.1% IC, 6.5% QC Predominately organic-rich sediments below I m. 
Thumb Lake Laminated 0.8% IC, 23 .2% QC Millimeter-scale laminations throughout entire core. 
Union Lake Partly Laminated 6.9% IC, 8.5% QC Core dominated by mass wasting deposits. 

Table 1-2. Degree of lamination, surface sediment composition (IC = inorganic carbon, OC = 
organic carbon), and notes for each lake cored in exploratory study. 

10 



TABLE 1-3 

Measured Derby Derby Otter Otter Crawford Crawford 
Earameter 0 20m Om 20m Om 20m 
T(C) 24.5 4.0 26.0 4.0 25.5 6 
pH 7.95 7.81 8.05 7.86 8.21 6.59 
02 (mg/L) 8.4 4.6 7.7 2.2 8 1.6 
Alk (meq/L) 2.28 3.05 2.04 2.26 5.03 26.6 
Ca (uM) 853 1135 855 968 1557 5539 
Mg(uM) 666 687 510 522 1432 1880 
Na(uM) 618 700 648 661 483 452 
Si (uM) 23 .1 114 16.8 28.3 17.6 826 
Sr (uM) 0.765 0.879 0.673 0.696 0.708 3.41 
Fe (uM) 1.15 1.09 1.93 1.92 0.537 11.6 
Mn (uM) ND 1.51 0.746 0.746 0.764 12.8 
K(uM) 202 225 141 137 9.2 325 
Ba (uM) 0.998 1.66 0.71 0.63 0.15 5.48 
Zn (uM) 0.306 2.42 0.34 0.34 0.26 0.18 
B (uM) 1.66 10.7 ND ND 0.28 5.0 
Cl (uM) 874 893 795 801 496 160 
S04 (uM) 98.0 98.2 57.4 57.5 251 254 
N03 (uM) ND 17.4 ND 21.1 12.7 1.7 
Ca/Fe 742 1041 443 504 2899 477 

Table 1-3. Measured lake water parameters used as basis for geochemical models. 
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TABLE 1-4 

Sample 
Shingobee 0 m 
Williams 0 m 
Derby 0 m 
Derby 20 m 
Otter 0 m 
Otter 20 m 
Crawford 0 m 
Crawford 20 m 

Calcite SI 
0.444 
-0.287 
0.317 
0.115 
0.401 
-0.091 
1.12 

0.161 

Table 1-4. Calcite saturation index computed for ·surface (Om) and bottom water (20m) of 

selected lakes. 
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Water chemistry data collected. using methods described above were used in a series of 

simulations using the geochemical modeling software Geochemist's Workbench (GWB, Bethke 

1996). GWB and similar geochemical modeling computer codes compute the equilibrium 

distributions of species in a water and rock mass using experimentally established thermodynamic 

relationships. For each of the three lakes considered in this exercise, a model basis was 

constructed by entering the concentration of major elemental components and physical 

characteristics at surface (Om) and 20 m into the REACT module of GWB (Table 1-3) to 

construct a chemical model of each lake's epilimnetic and hypolimnetic waters. These models 

were run through a control trial to compute the equilibrium saturation index of calcite in each 

system (Table 1-4). 

RESULTS AND DISCUSSION 

Lake formation 

Most of the lakes in this study are the classic kettle lakes formed as buried or partly-buried 

stagnant ice blocks melted to form a depression in the landscape (Benn and Evans 1998). In 

many cases the presence of the lake basin appears to be related to larger-scale glacial features, 

such as subglacial tunnel channels or meltwater valleys. Derby Lake appears to occupy a tunnel 

channel, while Heart Lake occupies a large meltwater channel that dissects an outwash plateau. 

Surface sediment comparison, lower peninsula Michigan 

All Michigan lakes cored in this study were separated into three categories based on inorganic 

carbon and organic carbon content determined by coulometry and LOI (Table 1-2, Figure 1-2). 

The first group contained less than one percent inorganic carbon and greater than 15% total 

organic carbon, group two contained between one and five percent inorganic carbon and 10-20% 

total organic carbon, and group three contained greater than five percent inorganic carbon and 

less than 15% total organic carbon. The latter group are the classic "marl" lakes common in 

southern Michigan. Only three lakes-Heart, Otter, and Thumb-were devoid of significant 

amounts of inorganic carbon in their surface sediments. 
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Figure 1-2. A. Surface sediment composition of lower Michigan lakes. B. Average annual 

precipitation (cm) and July temperature (after Eichenlaub et al. 1990). C. Major forest types 

(after Merz 1979). 
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Lake sediment types are found across climatic and vegetation gradients (Figure 1-2). 

Bulk surface sediment composition is difficult to predict in modern lakes due to highly localized 

and complex interactions between autochthonous and allochthonous factors. Autochthonous 

factors may include lake trophic status, water chemistry, and human impacts. Allochthonous 

factors may include substrate composition, vegetation, climate, and hydrology. 

Lakes that share similar substrate, vegetational, and morphometric characteristics yet 

differ in bulk sediment composition are particularly problematic. In this study, Heart Lake and 

Bradford Lake, located only a few kilometers apart on the same outwash substrate and 

vegetational setting, have vastly differing bulk sediment compositions-Heart Lake devoid of 

inorganic carbon, Bradford Lake with 6.5% inorganic carbon in its surface sediments. The only 

notable difference between the two lakes is their proximity to the edge of the meltwater valley 

they both occupy-Heart Lake lies in the middle of the flat channel floor, while Bradford Lake 

has one shore against the valley wall forming a steep bank. It may be this difference in local 

relief that increases the rate of recharge to Bradford Lake, consequently providing more dissolved 

ions than in Heart Lake, which may have a lesser rate of local groundwater inflow. The slightly 

greater depth of Heart Lake may also favor calcite dissolution. 

A weak negative correlation (r2 = 0.27, Figure 1-3) between lake depth and IC abundance 

exists in the lakes examined in this study. This suggests that shallower lakes are more favorable 

for calcite preservation by having less of an effect of calcite dissolution in their hypolimnetic 

waters. Deeper lakes will have a greater proportion of their volume in the hypolimnion, a portion 

of the water column where authigenic calcite is thought to dissolve (see below). Very weak 

correlations between latitude (r2=0.05) and surface area (r2=0.06) were also found with surface 

sediment IC abundance. 

Detailed geologic and hydro logic investigation of lakes with differing surface sediment 

characteristics in northern Minnesota reveal the differences to be likely related to differences in 

lake-groundwater interaction which govern nutrient and cation supply to the lakes (Dean et al. 

2003). Ultimately it is the task of more detailed study to determine the over-arching controls of 

bulk lake sediment composition (e.g. Dean and Bradbury 1997, Dean et al. 2003), controls that 

often appear to be related to subtle differences in lake-groundwater interaction. 
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Figure 1-3. Percent inorganic carbon in surface sediment versus lake depth for all lakes cored in 

this study. 
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Figure 1-4. Photomicrographs from thin sections ofvarved sediments. A. Derby Lake varves in 

plane polarized light (left panel) and crossed nicols (right panel). Birefringent (bright) material in 

right panel is authigenic calcite; dark material is primarily organic matter with some biogenic 

silica. Black bar in lower left of left panel is 0.1 mm. B. Otter Lake varves in plane polarized 

light (left panel) and crossed nicols (right panel). Birefringent material in lamination near center 

of the right panel is authigenic siderite, bright specks are fragments of quartzo-feldspathic silt, 

dark materials are primarily organic matter and biogenic silica. Black bar in lower left of left 

panel is 0.1 mm. C. Big Lake varves in plane polarized light (left panel) and crossed nicols 

(right panel) with highlighted monospecific diatom sublamina, chysophyte cysts, and summer 

calcite. Photo is approximately 0.1 mm in height. D. Close up of lamination in Otter Lake 

showing centric diatom sub lamina (bright objects in upper portion of photo). Photo is 

approximately 0.1 mm in height. 
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Figure 1-6. Photographs ofvarved sediment from four lower Michigan lakes. Each photo is 

approximately 10 cm by the long axis. A. Early Holocene varves, Derby Lake. Millimeter-scale 

light lines are calcite-rich summer layers, dark layers are organic-rich winter layers. Centimeter-

scale dark bands are horizons depleted in calcite. B. Mid-Holocene varves, Otter Lake. 

Millimeter-scale light lines are siderite-rich summer layers, dark lines are organic-rich winter 

layers. C. Late Holocene varves, Big Lake. Millimeter scale light lines are layers of summer 

calcite, dark lines are organic-rich winter layers. Light specks are nodules of vivianite 

(Fe3(P04) 2·8H20). Resolution between light and dark layers is less distinct in Big Lake as 

compared with Derby Lake due to a lower abundance of calcite in the former. D. Late Holocene 

varves, Heart Lake. Millimeter-scale light lines are diatom-rich summer layers, lines layers are 

organic-rich winter layers. Note soft sediment deformation due to post-depositional slumping. 

Such deposits were encountered in the sediments of several lakes examined in this study. 
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Varve composition 

Like bulk sediment composition, the composition of the seasonal couplets that form varves vary 

from lake to lake but share some elements in common. Thin section study ofvarved sites show 

that all varves contain a spring or summer layer composed of a monospecific centric diatom 

bloom (e.g. Staphanodiscus sp.), and a winter layer enriched in amorphous organic matter, 

allochthonous organic detritus, and elastic materials (Figures 1-4, 1-5, 1-6). Monospecific 

chrysophyte blooms were observed to precede diatom blooms in two lakes. Chrysophyte blooms 

are likely present in other lakes, but went undetected because of the very small size of the tests. 

Authigenic minerals composition and abundance vary the most in varves among the lakes studied 

(Figures 1-4 and 1-5). In Derby Lake, a high inorganic carbon marl lake, calcium carbonate 

makes up a significant component of the varve couplet, with the exception of intervals of core 

depleted in carbonate. In Big Lake, carbonate is a rare component of the varve couplet, but where 

it does occur is prominent and makes the laminations more distinct macroscopically. In Otter 

Lake a similar situation is encountered, except that the carbonate is iron carbonate (siderite) as 

opposed to the calcite found in Big and Derby Lakes. Chapter 2 of this thesis discusses in more 

detail the dynamics of calcium carbonate in Derby Lake sediments, and Chapter 3 discusses the 

unique case of siderite laminations found in Otter Lake. 

The COrCaC03 system in freshwater 

Kelts and Hsu (1978) discuss the salient elements of carbonate equilibria in freshwater and the 

following paragraphs are summarized from their presentation. 

Thermodynamic considerations of calcite precipitation are initially defined by the 

reaction 

Ca2
+ + C03 2• = CaC03 (I) 

where (Ca2l and (CO/) are the activities of each ion at equilibrium and Kc is the equilibrium 

constant of the reaction. Kc is temperature dependent due to the exothermic heat of dissolution of 

carbonates, which increases their solubility with decreasing temperature (Langmuir 1997). A 
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pressure dependence on calcite solubility is significant for water depths over 1000 m (Ke Its and 

Hsu 1978) and hence can be neglected in this discussion. 

To determine the saturation state of calcite, the activities of ions as measured in solution 

are multiplied to yield an activity product (Q; e.g. Q = (Ca2}(CO/") for equation (1)), which is 

then compared with the given value for the equilibrium constant for calcite. These values are 

reported as log(Q!Kc), the saturation index, with values greater than or equal to 0 indicating 

supersaturation, and negative values indicating undersaturation. The activity product (Q) is 

analogous to the reaction quotient (also Qin most chemical literature) and the ion activity product 

(IAP) used in older literature (e.g. Kelts and Hsu 1978, Stabel 1986). 

In freshwater systems with pH ranges from 6.5 to 8.5, the activity of col- ions is very 

low and seldom given in analytical data. Instead, the activity of C03 
2- ions is calculated by its 

relationship with other species of inorganic carbon in solution, defined by the following reactions: 

(HJ, (H2C03°), (HC03), and (C03
2
-) are ion activities and K1 and Ki are the dissociation 

constants of the reactions. Values for the equilibrium constants for the above reactions at 25° C 

are given in Table 1-5. 

Analytical water chemistry data are reported as concentrations, which may be converted 

to activities using the extended Debye-Huckel equation, 

logy= (-A Z2 /l')/(1 + Gj B Ji') (4) 

where A and Bare constants for a given solvent at a specified temperature, Z is the valence of the 

ion, a; is the effective diameter of the ion in the solution, and I is the ionic strength of the solution 

calculated by the formula 

I= 2: m·Z.2 
I I> (5) 
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where mi is the concentration of the component in solution. 

Hydrogen ion activity may be determined through measurements of pH, i.e., 

pH = - log (Ir) 

Alkalinity is a measurement of the capacity of a solution to buffer the addition of 

hydrogen ions, and is defined by the equation 

(6). 

Alk = [HC03-] + 2[CO/-] + [Hs-1 + 2[S2
-] + 2[HPO/-] + 3[PO/] + (NH3] + [HSi04-] +[Off] -

m 

For most freshwater systems the contribution of ions other than dissolved carbon species are 

ignored in the calculation of alkalinity (Kelts and Hsu 1978), simplifying the equation to 

Alk = [HC03-] + 2[CO/-] +[Off] - [Ir], 

which is often further simplified (Kelts and Hsu 1978, Stabel 1986) to 

In some anoxic systems the significance of [HS-] may approach that of [HC03-] and must be 

accounted for in alkalinity considerations (Kelts and Hsu 1978). 

(8) 

(9) 

The concentration of the Ca2
+ ion is determined analytically, and may include the 

concentration of complexes and neutral species that are common in natural waters (Kelts and Hsu 

1978) e.g., 

(10) 

Hence calcium data measured by titration may differ from data measured by atomic absorption 

techniques by up to 3% (Stabel 1986). 
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Carbonate precipitation and dissolution in freshwater lakes 

Calcium carbonate is a common component of lacustrine sediment and occurs primarily in two 

sets of circumstances (Murphy and Wilkinson 1980): 1) evaporative carbonates deposited by 

shallow lakes in arid settings, such as Mono Lake, California (Dean and Fouch 1983); and 2) 

carbonates precipitated in hardwater "marl" lakes common in glaciated temperate regions 

underlain by calcareous bedrock. In the latter case, precipitation of calcite is most commonly 

bio-induced during summer months as increased insolation raises surface water temperature and 

algal photosynthesis removes C02 leading to increased pH. In substrates of calcareous bedrock 

or glacial deposits, Ca2
+ and HC03- are the major ions occurring in lake surface water (Muller et 

al. 2003). As photosynthesis increases during spring and summer months calcite precipitates as 

C02 is removed from the water column, driving the reaction 

(11) 

forward, though Ca2+ ions commonly form intermediate complexes with bicarbonate ions (i.e. 

Ca(HC03) 2, Wetzel 2001). In eutrophic settings, C02 uptake by photosynthesis occurs rapidly 

resulting in substantial increases in surface water pH (Kelts and Hsu 1978). 

In addition to biological considerations, summer temperatures also favor calcite 

precipitation, as calcite is less soluble in warm water. In some cases, seasonal overturn and 

warming of formerly cold bottom water is enough to generate calcite supersaturation (Ke Its and 

Hsu 1978). Brunskill (1969) suggested that temperature was the major control on calcite 

precipitation in Fayettville Green Lake, New York, and that photosynthesis played a secondary 

role. Stabel (1986) suggests that calcite solubility in Lake Constance is primarily a function of 

both pH and temperature. In addition, Stabel found that major pulses of calcite precipitation 

coincide with major algal blooms, suggesting that the combination of extreme C02 uptake during 

these blooms and nucleation sites on phytoplankton cells contribute to the precipitation of calcite. 

Calcite dissolution may occur by the reverse of reaction ( 11 ), driven by respiration of 

organic matter, which releases C02 into the water column and lowers pH. Newly precipitated 

calcite crystals sink from surface waters into the lower portions of the lake water column where 

oxygen is consumed by respiration, creating a lower-pH environment that favors calcite 

dissolution. In addition to the decrease in pH that occurs with depth, temperatures also decrease, 

contributing to an environment that favors calcite dissolution (Dean 1999, Dean et al. 2003). 
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Figure 1-7. Biogeochemical framework for calcite precipitation and dissolution in a temperate 

marl lake (after Dean 1999). A. Scenario for calcite production and preservation in small lake 

sediments. Calcite precipitation is more significant relative to organic matter production and 

respiration as indicated by increased font size. B. Scenario for calcite production and dissolution 

resulting in little to no sediment calcite preservation. Increased productivity drives this 

dissolution as more organic matter is respired in the hypolimnion, lowering pH and leading to 

calcite dissolution. 
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Additional calcite dissolution may occur in sediment pore waters, with most intense dissolution 

occurring in the top 5 mm of sediment, with dissolution rates decreasing below this level as 

aerobic organic matter respiration rates and subsequent production of C02 decrease (Muller et al 

2003). 

Models of calcite precipitation and dissolution 

In Chapters 2 and 4 of this thesis, two lake systems with contrasting calcium carbonate dynamics 

are presented. Derby Lake, presented in Chapter 2, precipitates calcium carbonate with sediment 

concentrations reaching values as high as 82%. Horizons low in carbonate are also present, and 

these low carbonate zones are attributed to calcite dissolution which occurs during highly 

productive years. Dean (1999, Figure 1-7) presents a biogeochemical framework for such 

dissolution events, and notes that depletions in calcite tend to occur when sediment organic 

carbon abundance climbs to 12% or above. Coulometry data from Derby Lake generally abide by 

this framework. In contrast, the sediments of Crawford Lake, presented in Chapter 4, are also 

rich in calcium carbonate, with values as high as 60%, but carbonate levels remain high even 

when organic carbon abundance surpasses 12%, sometimes significantly so. 

These trends suggest that the carbonate system in Crawford Lake is decoupled from the 

dissolution dynamics that appear to govern calcite abundance in the Derby Lake system. To gain 

insight into the differences between these two systems, a series of experiments were run using 

GWB computer software (Betheke 1996). Advantages of using computer codes such as GWB to 

model geochemical reactions include such a program's power to incorporate the influence of 

intermediate species and Ca2
+ complexes with other anions, such as the Ca(HC03) 2 complex, and 

species activity in calculations of the activity product (Q) without resorting to the simplifying 

assumptions made in studies using hand calculations (e.g. Stabel 1986). More importantly, GWB 

can mimic the effects of chemical reactions where reactants are added or removed and minerals 

precipitate and dissolve in dynamic response to changes in model chemistry. Previous studies 

have successfully modeled carbonate precipitation in evaporative settings using similar modeling 

approaches (Garrels and Mackenzie 1967, Bischoff et al. 1991, Bethke 1996). 

The saturation indexes for calcite computed for the surface and hypolimnion for each 

lake are shown in Table 1-4, including two lakes in Minnesota-Shingobee and Williams-

calculated from data presented in Dean and Schwalb (2002). A SI of zero indicates saturation 
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TABLE 1-5 

Equilibrium constant expression 

Kc= [Ca2+][CO/°] 

KH = [H2C03 °]/pco2 

K1 = [W][HC03-]/[H2C03°] 

K1 = [W][CO/°]/[HC03-] 

-log Keg 

8.48 

1.47 

6.35 

10.33 

Table 1-5. Values of equilibrium constants for major reactions in carbonate equilibria at 25° C 

and 1 atm. After Langmuir (1997). 
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TABLE 1-6 

Sample C02 removed CaC03 ppt C02 CaC03 CaC03:C02 
(mg) removed precipitated 

·dai) (mo!) (mo!) 
Derby 0 m 16 10.8 l .323E-4 l.078E-4 0.8148 
Derby 0 m 25 17.0 2.068E-4 l.701E-4 0.8225 
Crawford 0 m 25 54.8 2.068E-4 5.473E-4 2.647 

Table 1-6. Rates and amounts of C02 removal and resultant amounts of CaC03 precipitated in 

GWB simulations. 
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with respect to a given mineral, with positive SI values indicating supersaturation and negative SI 

values indicating undersaturated conditions. Each lake is supersaturated with respect to calcite at 

the surface with the exception of Williams Lake, which is hydrologically isolated and dissolves 

any calcite precipitated in the water column (Dean et al. 2003). In each case the saturation index 

is reduced for the hypolimnetic waters, but only Otter Lake has a hypolimnion undersaturated 

with respect to calcite. These data are consistent with the surface sediment compositions of each 

lake, with calcite being present in the surface sediments of Crawford, Derby, and Shingobee 

lakes, but absent in the cases of Otter and Williams lakes. 

In experiments designed to mimic the effect of C02 removal from surface waters by algal 

photo synthesis (equation 11 ), Crawford Lake yields more CaC03 precipitated per unit C02 

removed than Derby Lake (Table 1-6). These results are consistent with the higher saturation 

index of calcite computed for Crawford Lake, and are consistent with the higher levels of pH, 

alkalinity, and calcium found in Crawford Lake's surface waters.Crawford and Derby Lake 

model chemistries were subjected to a further modeling exercise to gain insight into the 

susceptibility of each lake to calcite dissolution in the hypolimnion. To the model surface water 

chemistries, C02 was removed at a rate based on rates of annual primary production measured in 

Lawrence Lake, Michigan in the 1960s and 1970s (Wetzel 2001). These ranged from a low 

productivity rate of 16 µg·kg-1·day"1 C02 removed, to a high productivity rate of25 µg·kg-1·day"1 

C02 removed (Figure 1-8). The yield of calcite for each lake is shown in Table 1-5. To model 

the effect of this calcite settling through the water column, the amount of calcite created in the 

surface model was added at equal amounts for a 365-day period, with an equal amount of C02 

used to create it to replicate the effect of organic respiration in the surface. Finally, to mimic the 

effect of enhanced productivity during non-summer months the rate of C02 added to the 

hypolimnion in Derby and Crawford was increased while holding the rate of CaC03 addition 

constant (Figure 1-8). 

In these simulations more calcite is dissolved in the model bottom waters of Derby Lake 

than in Crawford Lake bottom waters (Table 1-7). The lesser amount of calcite dissolution in 

Crawford Lake may be explained by the lake's unique meromictic stratification state (Boyko-

Diakonow 1979). Meromixis in Crawford Lake can be illustrated by the increase in total 

dissolved solids in the bottom waters versus the surface waters (1650 mg/kg bottom waters versus 

415 mg/kg surface), which yield density estimates of 1.00127 g·cm-3 and 1.000425 g·cm-3 for 

bottom and surface waters, respectively, determined from relationships outlined in Wetzel (2001). 
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GEOCHEMISTS WORKBENCH (GWB) 

EPILIMNION MODEL 
(Calcite Precipitation) 
Compute Calclte saturation index (SI). 
Remove 17 to 25 ug CO£kg-1·day1 for 
365 days. 

Ylelds 11 to 55 mg CaC03. 

) 
Add Calcite yield from Eplllmnlon 

.-----------------. model to Hypolomnlon model. 
HYPOLIMNION MODEL 
(Calcite Dissolution) 
Compute Calcite saturation Index (SI). 
Control: add Calcite precipitated from 

Eplllmnlon model and the amount of 
co2 used to precipitate It. 

Tris!: add Calcite precipitated from 
epllimnlon model plus excess co2 
(up to 30 ug CO£kg-1·day1). 

Figure 1-8. Schematic summary of calcite precipitation and dissolution modeling exercises. 

33 



The higher level of solutes existing in the bottom waters of Crawford Lake (Table 1-3) 

leads to increased alkalinity and, by definition, buffering capacity for the weak acids that C02 

addition generates. The net result of the decreased rate of dissolution in Crawford Lake is that a 

greater amount of calcite is allowed to accumulate in the bottom waters of this system with 

respect to Derby Lake (Table I-7). 

Complete calcite dissolution in Derby Lake occurs when the rate of C02 addition to the 

hypolimnion is increased to 30 µg·kg"1·day"1 (20% increase) while holding the rate of calcite 

addition constant. Figure 1-9 and Table 1-8 display the effects on calcite accumulation by 

increased levels of C02 addition to the Derby hypolimnion for a range of C02 addition rates. 

This exercise implies that in order to dissolve calcite completely in the bottom waters of Derby 

Lake production must increase or be substantial during periods when calcite is not precipitating. 

These may include spring, portions of summer (Stabel 1986), fall, and winter. In eutrophic lakes 

up to 20% of annual net productivity may occur through the ice during winter months (Wetzel 

2001 ). Variations in focusing of organic materials to the deep basin of Derby Lake may also 

account for increases in organic matter input to bottom waters that is not directly related to 

pelagic productivity. 

Increasing the rate of C02 addition in Crawford Lake bottom waters by 20% does not 

significantly impact the amount of calcite that accumulates (Table 1-7), a further demonstration 

of the enhanced buffering capability of the meromictic Crawford Lake system. 

Research by Shapley et al. (in review) suggests that the rate of carbonate mineral 

production in lakes influenced by groundwater inflow is governed primarily by the rate of 

groundwater recharge, which supplies calcium ions to the system. To examine the sensitivity of 

Derby Lake to such changes, calcium abundance was reduced in the model basis to see the effect 

on calcite saturation. When calcium abundance is reduced to levels of one half the observed 

value calcite becomes undersaturated. 

Several simplifying assumptions underlie this modeling exercise. First, calcite is 

precipitated during the course of a 365 day year because the basis for C02 productivity are yearly 

rates presented in Wetzel (2001); However, in natural systems calcite precipitation is focused in 

high productivity summer months while primary lake production proceeds all year. Second, this 

exercise assumes that all organic matter produced in the epilimnion is exported to the 

hypolimnion where it is respired. In nature, much organic matter respiration may actually occur 

in the lower portions of the epilimnion (Wetzel 2001), and respiration efficiency is certainly not 

34 



TABLE 1-7 

Sample C02 added CaC03 added CaC03 remaining percent CaC03 
(µg·kf (mg) 
1·da - ) 

(mg) dissolved 

Derby 20 m 16 10.8 1.4 87 
Derby 20 m 25 17.0 2.4 86 
Derby 20 m 30 17.0 0 100 
Crawford 20 m 25 54.8 51.1 7 
Crawford 20 m 30 54.8 50.3 8 

Table 1-7. Rates of C02 addition, amounts of CaC03 added, and residual CaC03 remaining in 

calcite dissolution experiments with GWB. 
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TABLE 1-8 

C02 rate total C02 total CaC03 resid CaC03 CaC03 dis increase CaC03:C02 
(µg·kif (mol) (mol) (mol) (mol) C02 
1·da - ) (%) 

25 2.068E-04 1.691E-04 2.381E-05 1.453E-04 0.8177 
26 2.150E-04 1.691E-04 l.815E-05 l.501E-04 3.814 0.7865 
27 2.233E-04 l.691E-04 l.251E-05 1.566E-04 3.717 0.7573 
28 2.316E-04 l.691E-04 6.876E-06 l.622E-04 3.584 0.7301 
29 2.399E-04 1.691E-04 1.255E-06 l.679E-04 3.460 0.7049 
30 2.481E-04 l .691E-04 0 l.691E-04 3.305 0.6816 

Table 1-8. Rates ofC02 addition, total amounts ofC02 added, and amounts of CaC03 added and 

dissolved in GWB calcite dissolution experiments using Derby Lake bottom water parameters. 
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Figure 1-9. Plots of calcite accumulated versus C02 added from GWB calcite dissolution 

experiments using Derby Lake bottom water (also summarized in Table 1-6). Each line is 

marked with a corresponding rate of C02 addition at which the resultant calcite accumulation 

occurred. Note the slight increases in C02 added in each successive run due to increased addition 

rates. At a C02 addition rate of 30 µg·kg"1·dai1 no calcite accumulates in the system due to 

. complete dissolution by C02• 
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100% in these systems as evidenced by the high abundance of organic matter preserved in the 

sediments. Despite these simplifying assumptions this modeling exercise provides insight into 

the relative mineral saturation states of these systems, and the preservation potential for calcium 

carbonate in each system. 

CONCLUSIONS 

• A weak negative correlation exists between surface sediment inorganic carbon abundance 

and lake depth, with deeper lakes. being capable of dissolving more calcite. Subtle 

differences in local hydrology are the likely source of the remaining component surface 

sediment variation. 

• The surface waters of the three lakes that are the focus of this dissertation are all 

supersaturated with respect to calcite. The bottom waters of all but one lake are also 

supersaturated with respect to calcite. The Jake with undersaturated bottom waters 

(Otter) contains no carbonates in its surface sediments. 

• Model bottom waters of Derby Lake dissolve more calcite per unit C02 added than in 

Crawford Lake, resulting in a higher overall rate of calcite accumulation in Crawford 

Lake than in Derby. This is consistent with sedimentary evidence, which indicates that 

calcite accumulates in Crawford Lake sediments during periods of high organic carbon 

abundance (> 12% sediment TOC), unlike Derby Lake, in which horizons of 

concentrations of organic carbon are significantly depleted in calcite. The lower 

dissolution rate in Crawford Lake is due to the increased alkalinity and buffering capacity 

of the meromictic bottom waters and high levels of Ca2+, which increase the saturation 

index of calcite. 

• Total calcite dissolution in model Derby Lake bottom waters occurs when C02 addition 

is increased by 20% above the level required for equivalent calcite precipitation in 

surface waters. Such increases in C02 export to the hypolimnion may occur in natural 

systems by increased levels of non-summer productivity or increased focusing of non-

pelagic organic matter to the deep basin. 
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CHAPTER 2: HIGH-FREQUENCY VARIABILITY OF CALCIUM CARBONATE 

ABUNDANCE IN THE HOLOCENE SEDIMENTS OF DERBY LAKE, MICHIGAN 

42 



INTRODUCTION 

Holocene climatic changes of the North American mid-continent have been substantial and have 

occured on a number of timescales. The millennial-scale hypsithermal, a global, Milankovitch 

(precession)-driven oscillation of enhanced summer insolation in the Northern Hemisphere 

(Kutzbach and Ruddiman 1993) was expressed regiol'lally as a shift of the prairie/forest border up 

to 100 km to the east and then back (McAndrews 1966). Centennial-scale cycles elucidated by 

Fourier analysis of stable-isotope records from lakes in North Dakota (Yu and Ito 1999) and New 

York (Kirby et al. 2002) reveal -400-year to 100-year periodicities. Cycles of similar length, 

interpreted as pulses of increased elastic deposition during arid events, are also noted from South 

Dakota by Dean and Schwalb (2000), and attributed to a solar origin. Anderson (1992) and 

Slawinski (1998) also explain decadal-scale cycles detected in varve records from Minnesota by 

solar forcing. Decadal-scale cycles were also detected by Kirby et al. (2002), however they 

attributed them to ocean-atmosphere dynamics. Cycles similar in length to modern El-Nino 

Southern Oscillation (ENSO) periodicities have been detected at several sites, including varve 

couplets from large Pleistocene proglacial lakes (Rittenour et al. 2000, Godsey et al. 2000), and 

recent works suggest that the intensity of these events may have changed in response to changing 

Holocene insolation (Bush 1999, Rodbell et al. 1999, Clement et al. 2001 , Moy et al. 2002). 

Small temperate lakes accumulate autochthonous organic matter and, in many instances, 

endogenic carbonate minerals, with the relative abundances of these components often governed 

by external environmental controls. The abundance of calcium carbonate minerals, for example, 

may increase with increasing temperature or decreasing precipitation (Haskell et al. 1996, Laird 

et al. 1998, Mullins 2000). 

This research examines environmental changes recorded in the carbonate-rich sediments 

of Derby Lake in lower Michigan, USA, which occur on several time scales spanning the past 

9,000 years. This work: 

• Documents a new high-resolution record of climatic change from lower Michigan, USA. 

• Demonstrates that periods of high calcium carbonate abundance in Derby Lake sediments 

are associated with cool and wet rather than warm and dry conditions. This result is 

explained by a model of warmer conditions and extended spring and fall growing season 

leading to increased organic-matter production and lower carbonate abundance by 

dissolution of carbonate. This model is consistent with orbital theory, nearby 

paleoclimatic records, and historical instrumental climate data. 
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• Provides new insight into the nature of inter-annual to decadal-scale variability in the 

region and how changes in shorter scales of variability relate to the larger structure of 

Holocene climatic change in North America. 

STUDY SITE 

Derby Lake is located in Mountcalm County, Lower Michigan, USA, at 43°16' 15" N lat., 

85°7'30" W long. (Figure 2-1). The lake has a surface area of 48 ha and a maximum depth of27 

m. The lake basin occupies an ice-block basin lying near the terminus of a northwest-southeast 

trending sub-glacial tunnel channel of an ice lobe that advanced over the area from the Lake 

Michigan basin. A small watershed (46 ha) supplies the lake with overland flow, and the lake has 

no inlets or outlets (Marsh and Borton 197 4 ). 

Derby Lake is dimictic and eutrophic and contains carbonate benches typical of many 

"marl" lakes in the region (Murphy and Wilkinson 1980). The lake is situated near the 

deciduous/mixed-coniferous forest ecotone. Native vegetation has largely been cleared, and the 

immediate shoreline of the lake has been extensively developed with small cottages. Open 

agricultural areas lie beyond the shoreline development. 

Mean high temperatures range from 28.7 °C in July to -1.3 °C in January, with a normal 

distribution throughout the year. Annual precipitation at Derby Lake averages 785 mm, with 

peaks in May and September and a minimum in February. Precipitation shows distinct inter-

annual as well as decadal-scale variability, with as much as 550 mm change in precipitation 

occurring in consecutive years, and a 250 mm average drop in precipitation that occurred over 

three decades in the mid 201
h century. Mean annual temperature is also variable on these 

timescales, with changes of as much as 4.5 °C occurring over a five-year period, and one-degree 

changes typically occurring on a decadal scale. Although the study site is 100 km east of the 

Lake Michigan shore, a slight lake effect in winter precipitation may influence the area 

(Eichenlaub et al 1990). 
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Figure 2-1. Map of Derby Lake watershed (dashed line), bathymetry, and piston and freeze core 

locations. Contour interval is 5 m. 
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METHODS 

Kullenberg piston cores were raised in July 1999 (cores DL991K and DL992K, referred to 

hereafter as Cores I and 2, respectively) and June 2001 (cores DLOl IK and DLOl2K, referred to 

as Cores 3 and 4, respectively; Figures 2-1 and 2-2) using a raft system modified from the design 

of Kelts et al. (1986). Core I was selected for detailed study because it contains the most 

expanded and continuous record of laminated sediments. Subsequent discussion will refer to 

Core I, except where noted. Gravity and freeze cores were also collected at the time of piston 

coring. Piston cores are archived at the National Lacustrine Core Repository, University of 

Minnesota; freeze cores are archived at Scripps Institution of Oceanography. Piston cores were 

first analyzed for magnetic susceptibility and wet bulk density on a multi-sensor core logger, then 

split, photographed, and visually described in terms of macroscopic texture and structure. Smear 

slides taken at irregular intervals (1-20 cm) were used to estimate proportions of authigenic, 

biogenic, and elastic components of the sediments. Petrographic identification of mineral phases 

was confirmed by X-ray diffraction. For thin-section preparation, portions of Core 1 were 

embedded with Spurr's resin using both acetone-replacement and flash-freeze freeze-dry 

techniques (Lamoureux 1994, Lotter and Lemcke 1999). 

Radiocarbon dates were determined at 18 horizons in Core I {Teranes et al. 2000). Two 

additional dates were determined from Core 3. Macrofossil fragments were removed for 

Accelerator Mass Spectrometry (AMS) radiocarbon dating at the Center for Accelerator Mass 

Spectrometry, Lawrence Livermore National Laboratory. Charcoal fragments for AMS dating 

were handpicked from a coarse sieve fraction under a dissecting microscope. In addition, several 

pollen extracts were dated by a modified technique from Brown at al., (1989). Such "pollen 

dates" may contain non-pollen fine-grained organic matter that, like pollen, resists digestion in 

weak peroxide solutions and are better described as "microfloral concentrates" (Russell et al., 

2003). 

A freeze core recovered in 2001 was dated by 210Pb at the Science Museum of Minnesota 

St. Croix Watershed Research Station with standard alpha-counting techniques. Activity of 210Pb 

decreases exponentially down-core, indicating uniform sedimentation rates. Calendar ages in 

years AD were calculated using a constant rate supply model. 

Concentrations of total carbon (TC) and inorganic carbon (IC) were determined at the 

United States Geological Survey, Denver, on samples collected at I-cm intervals with a UIC 

coulometer, which undertakes coulometric titration of C02 following its extraction from the 

sediment by combustion at 950° C and acid volatilization, respectively (Engleman et al. 1985). 
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Percent organic carbon (OC) was determined by difference between TC and IC. Carbonate 

content was determined by multiplying percent inorganic carbon by 8.33. Organic matter content 

may be estimated by multiplying percent organic carbon by two (Dean 1999). The accuracy of 

this method is 0.10 wt% (ls= 0.079) for TC and 0.10 wt% (ls= 0.084) for IC as determined 

from replicate standards. 

Freeze-core sediments were analyzed for inorganic and organic carbon concentrations at 

one-centimeter intervals corresponding to chronologic sample intervals of two to seven years. 

The age interval of each sample lengthens with sediment age, reflecting both compaction and a 

recent increase in sedimentation rate. The 110 years of these data were compared with 

historical climatic data from the Alma, Michigan climate station, which is located approximately 

3 5 km east/northeast of Derby Lake. 

Grayscale intensity is a measure of the brightness of the image and ranges from zero 

(white) to 256 (black). Intensities were determined with whole-core scans collected using a 

Deutsche Montan Technologie CoreScan Colour line scanner. The flat, oxidized surfaces of all 

split core sections were scanned at high resolution with a line-scanning digital camera with 

polarized light source and lens filter to eliminate glare from water reflections. These scans were 

imported into Scion Image software, converted from color to grayscale, then measured for 

grayscale intensity inside a rectangle 1 cm-wide through the full length of the core. 

Monthly insolation values from 9000 to 0 cal yr BP were generated with AnalySeries 

software (Paillard et al. 1996), which generates the data from the calculations of Berger (1978) 

and Berger and Lourte (1991). 

RESULTS 

Lithostratigraphy 

The four piston cores contain four major lithostratigraphic units that correlate from core to core 

(Figure 2-2). 

Unit I is massive gray carbonate-rich mud with trace amounts of sand and silt, containing 

discrete intervals of mm-scale organic bands. This unit occurs at the base of each core and ranges 

in thickness from I 0 to I 00 cm. 

Unit II is massive carbonate-rich mud with frequent sand, silt, and intraclasts of 

laminated sediments or organic matter. The lower member of this unit (i.e. Ila.) is generally 

thicker, and in cores 3 and 4 it contains recumbent fold structures. Unit II is interpreted to 

represent deposits from mass-wasting events, recording a mixture of processes including 
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Figure 2-2. Correlation of Derby Lake piston core lithostratigraphy. 
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slumping, subaqueous debris flows, and turbidites; they are beleived to have formed 

instantaneously. The upper and lower units have been grouped together (i.e. Unit Ila and Ilb) due 

to similarities in their lithologic attributes, but no temporal associations are inferred. 

Unit III is a dark to medium brown, mm- to sub-mm-scale laminated carbonate-rich mud, 

with rare to abundant sand and silt. Laminations are composed of a light sub-lamina of calcite 

and diatoms, and a dark sub-lamina of amorphous organic matter. This unit is absent in core I, 

and where it occurs in other cores it is bounded above and below by mass-wasting deposits of 

Unit II. The laminations are inclined from horizontal and intercalated with mm- to cm-scale 

elastic-rich beds. The laminations are assumed to be annual (varves), and this unit is the earliest 

phase of varve deposition in a young, unstable Derby Lake basin. 

Unit IV is a dark to light-brown mm- to sub-mm-scale laminated carbonate mud, with 

abundant diatoms and rare sand and silt. As in Unit III, the light portion of the lamination is 

composed of micritic calcite with diatoms, and the dark sub-lamina consists of primarily 

amorphous organic matter with some diatoms and elastic material. The laminations of Unit IV 

are generally lighter in color than those found in Unit III, but contain cm-scale intervals of dark, 

carbonate-depleted laminations that are described in more detail below. 

Freeze-core sediments are laminated throughout and conform to litholologic Unit IV 

(Teranes unpublished). 

Lamination description 

Thin-section petrography of epoxy-embedded laminated sediments reveal laminations composed 

of several sub-lamina. Euhedral to subhedral crystals of low-magnesium calcite were found 

throughout laminations, though higher concentrations and larger crystals were observed in the 

light "summer" layer (Figure 2-3). Sub-laminae consisting of mono-specific centric diatoms (e.g. 

Stephanodiscus sp.) presumably represent a deposit of the spring diatom bloom. Above the 

mono-specific diatom laminae the greatest concentration of calcite in the light layer of the couplet 

occurs, which is presumed to accumulate during periods of maximum summer productivity. The 

dark component of the laminations consists of amorphous organic detritus, with occasional 

pennate and centric diatom tests, some quartzo-feldspathic silt, and particulate organic material. 

The presence of sub-lamina consisting of monospecific microflora is further evidence for 

the seasonal nature of the varved sediments. In areas of the core where calcite concentrations are 

low, laminations are still discernible by the pale diatom-rich spring/summer lamina. 
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Figure 2-3. SEM photograph of pristine Derby Lake calcite from late Holocene sediments. 
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Radiocarbon data, varve counts, and age models 

The 18 AMS radiocarbon dates used in construction of the age-depth model in Core 1 increase in 

age with depth through the undisturbed sediment intervals of the core (Teranes et al. 2000; Table 

2-1; Figure 2-4A). Because of changes in sedimentation rate with depth and chronostratigraphic 

hiatuses introduced by mass-wasting deposits, separate age models based on radiocarbon dates 

were used in four intervals of core to model the most accurate radiocarbon age-sediment depth 

relationship. Where age models overlap in the late-Holocene portion of the core they agree 

within 30 years, which is less than the error of a typical AMS radiocarbon age (i.e. <50 years). 

The lower two intervals and their respective age models are separated by mass-wasting deposits 

and do not overlap. 

The uppermost age model extends from the core top to a depth of286 cm in Core land is 

represented by a 2"d-order polynomial, which best describes the increase in apparent 

sedimentation rate in the top portion of the core as water content increases. The second interval, 

between 286 and 436 cm depth, has a linear age model that agrees with the lower portion of the 

overlying polynomial age model within 30 years. The third interval (478 to 530 cm) is assigned 

ages in a linear model that describes a fit between two radiocarbon dates in a portion of laminated 

sediments bounded above and below by the mass-wasting deposits of unit IL The lowest interval 

(530 to 694 cm) also is assigned a linear age model that is a best-fit line through four radiocarbon 

dates from the massive late-glacial sediments of unit I. A composite of these age models 

provides robust age estimates for any given depth in Derby Lake Core 1 (Figure 2-4B). 

Varve counts provide an independent estimate of sediment age (Figure 2-4A). Because 

counting from the core top was not possible due to piston disturbance, varve counts were pinned 

to a duplicated AMS date of 1070 cal yr BP at 123 cm depth. To pin varve counts, the difference 

between a calibrated radiocarbon age and the uncorrected varve age and at an equivalent core 

depth is added to all varve ages in a particular interval, thereby 'pinning' the floating varve 

chronology to the independently determined radiocarbon age. Varve counts were re-pinned to 

radiocarbon dates at 3890 (274 cm depth) and 7330 cal yr BP (482 cm depth) to account for 

undercounts in a low-carbonate interval where varves were not distinct, and for a debris flow 

interrupting laminated sediments, respectively. After varve counts are re-pinned at 3890 and 

7330 cal yr BP, pinned varve age and radiocarbon-model ages differ by less than two percent 

(Table 2-2). 
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TABLE 2-1 

CAMS Sample Name Target Description Depth in Radiocarbon Ages± Calibrated Ages 

# Material Core standard error (yr BP) ± standard error 

(mg C) (cm) (yr BP) 

62022 DL99 IK-144.5-46 >IO mg Wood 44 200±40 180 ± 30 (1770 AD) 

70715 DL99 IK-I 50 0.158 Wood 50 310±50 320 ± 15 (1630 AD) 

70716 DL99 IK-163 0.074 Leaf Fragment 63 290± 80 370 ± 90 (1580 AD) 

68226 DL99 IK-I 78 0.20 Wood/charcoal 78 420± 50 490 ± 30 (1460 AD) 

68228 DL99 IK-II 44 0.47 Twig 123 I 160± 40 I 070 ± 30 (880 AD) 

68234 DL99 IK-II 44 (rep) 0.47 Twig 123 I 170±40 I 100 ± 45 (850 AD) 

70717 DL99 IK-Ili 38 0.04 Leaf Fragment 269 3630±150 3 960 ± 150 

70718 DL99 IK-III 43 O.o7 Charcoal 274 3 590±90 3 900 ± 90 

73206 DL99 IK-III 140 >I Pollen 371 5 750±50 6 530 ±40 

74834 DL99 IK-III 140 0.01 Charcoal 522 5270±770 6010 ±800 

74835 DL99 IK-IV 27 0.47 Pollen 409 6540 ±40 7 450 ± 30 

74836 DL99 IK-IV 27 0.04 Charcoal 409 6330 ± !80 7290± 140 

68229 DL99 IK-IV 100 0.06 Wood 482 6410± 120 7330±100 

73205 DL99 IK-IV 138 >I Pollen 520 7 550±50 8370±40 

68230 DL99 IK-V 87 O.o7 Charcoal 619 9260± 140 10400± 160 

68231 DL99 IK-VI 15 0.37 Charcoal 646 9 790 ±40 11 190 ± 20 

62326 DL99 IK-CC NIA Charcoal 697 10 250 ± 40 12020±110 

Table 2-1. Derby Lake AMS radiocarbon dates. Reproduced after Teranes et al. (2000). 
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Figure 2-4. Derby Lake core 1 AMS radiocarbon dates and varve counts in calendar years BP 

versus core depth in centimeters below lake floor (A); and AMS radiocarbon dates and composite 

age model versus core depth in centimeters below lake floor (B). 
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TABLE2-2 

Interval pin date pin depth 11 14c age /1 varve age difference % difference 

(cm) (cal yr BP) (cm) (cal yr) (vavre yr) (14C-varves) 

0-273 1085 123 3966 3288 678 -20.6204 

274-437 3900 274 3213 3220 -7 0.217391 

484-531 7330 482 1148 1165 -17 1.459227 

Table 2-2. Varve count and radiocarbon age model comparison. 
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Freeze core 210Pb unsupported activity decreases exponentially with sediment depth and 

suggests that sediment accumulation rates have remained constant through this time. 210Pb 

activity was converted to year AD using a constant rate supply model (D. Engstrom, personal 

communication; Figure 2-5). 

Coulometry data 

The calcium carbonate content of Core 1 ranges from 2.5 to 82%, with a mean value of 51 %, and 

organic carbon content ranges from 2.6 to 19.5%, with a mean value of 6.5% (Figure 2-6). From 

8700 to 6000 cal yr BP carbonate values show a general increasing trend interrupted by nine 

periods of low carbonate abundance, each lasting several decades to just over a century. These 

low-carbonate events are also evident in grayscale data as increases in grayscale values (darker 

sediment). Each carbonate-depletion event is matched with a rise in organic-carbon abundance. 

Part of this relationship is a dilution effect in weight percentage data, with the loss of carbonates 

making other components rise in abundance, but dilution alone cannot entirely explain the 

observed changes, as the magnitude of the shifts in each component is not equal (Dean 1999). 

Plots of inorganic carbon and organic carbon mass accumulation rates (MARs; Figure 2-7) for the 

early Holocene portion of the core further demonstrate that a dilution effect is not responsible for 

increases in organic carbon associated with carbonate depletion events. 

The millennial-scale climb in carbonate abundance culminates in peak values at 6000 cal 

yr BP. The period from 7000 to 4500 cal yr BP in Derby Lake is characterized by generally high 

carbonate concentrations, low grayscale values, and low but gradually climbing organic-matter 

abundance. Three carbonate-depletion events (carbonate values dropping below 50%) are 

conspicuous in this interval with otherwise constantly high carbonate values. These last for about 

4 to 5 decades each and occur at about 6830, 6650, 6520, and a moderate event at 5060-5040 cal 

yr BP (Figure 2-6). 

A gradual decreasing trend in calcite abundance and increasing trend in organic carbon 

abundance is displayed from 4330 to 1100 cal yr BP. Carbonate depletion events are common in 

this interval, with the first major event occurring at about 4130-3980 cal yr BP and subsequent 

events increasing in frequency dramatically after 2700 cal BP where the highest density of 

carbonate depletion events occur. 

A gap in calcium carbonate and organic-matter abundance data exists between 

approximately 1130 and 590 cal BP, where piston-disturbed sediments in the upper portions of 

the Derby Lake Core 1 were not sampled in a zone that does not overlap with the lower portion of 

the freeze core. 
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Figure 2-5. 210Pb unsupported activity versus freeze core depth (left panel), and year AD 

determined by constant rate supply model versus freeze core depth (right panel). 
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Figure 2-6. Derby Lake Core 1 and Freeze core (ages <600 yr BP) percent organic carbon (black 

line 5-point running mean), percent calcium carbonate (black line 5-point running mean), 

grayscale intensity (black line 100-point running mean), and March-April & October-November 

insolation plotted versus age in calendar years BP. Gaps in upper portions of percent organic 

carbon and percent calcium carbonate data represent disturbed sediment intervals below lower 

portions of the freeze core in upper portions of the piston core. 
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Freeze-core percent carbonate data begin in a carbonate-depleted interval lasting between 

590 and 500 cal yr BP (Figure 2-6 and 2-8). This is followed by a short-lived interval of high 

carbonate values lasting between 500 and 470 cal yr BP. A low-carbonate interval between 470 

and 410 cal yr BP precedes a plateau of intermediate carbonate values between 410 and 300 cal 

yr BP. Very low carbonate values are recorded between 300 and 160 cal yr BP. Percent 

carbonate values are highest in the late 1800s and into the early 1900s AD, approaching 60% 

before decreasing through the 1920s and 1930s to values just below 30% for several decades 

(Figure 2-8). Carbonate abundance then increased in the 1970s to values greater than 30% for the 

duration of the freeze-core record. 

Grayscale as a proxy for carbonate abundance 

A comparison between grayscale data and carbonate abundance as measured by coulometry 

reveals a weak linear correlation between the two variables (r2=0.33; Figure 2-9). Because the 

coulometry and grayscale datasets were sampled at very different resolutions a direct comparison 

between the two is only possible by using averaged grayscale data from horizons that correlate to 

sampling intervals used in the coulometry dataset. An alternate technique to compare the 

similarity in variance between the two datasets was performed by Ekdahl (2004). Analysis of the 

. first principal component of a singular spectrum analysis of the same grayscale intensity dataset 

by Ekdahl (2004) shows that 73% of the variance in the grayscale intensity can be explained by 

the first principal component of carbonate abundance. This analysis also demonstrated that 

grayscale and carbonate time series have the same spectral peaks at the same frequencies through 

time, further indicating the coherence between the two proxies. 

Carbonate abundance has been linked to grayscale intensity in other studies, usually with 

higher correlation coefficients (e.g. Lake Superior varves, Andy Breckenridge, personal 

communication), but in simpler sedimentary systems with lower abundances of secondary 

components such as organic matter and biogenic silica. While the statistical correlation between 

grayscale and carbonate abundance is somewhat weak, the two data sets display remarkably 

similar stratigraphic profiles (Figure 2-6), which are discussed below. 
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Figure 2-8. Derby Lake freeze core calcium carbonate abundance versus Pb-210 determined age 

in years AD (bottom panel), with departure from mean annual temperature (middle panel) and 

departure from mean annual precipitation (top panel) from the Alma, Michigan climate station. 

Gray lines are unsmoothed departure from mean data; black lines are 10-point running averages. 
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DISCUSSION 

Correlation of freeze core carbonate abundance with historical climaic data 

Precipitation and temperature data from the Alma, Michigan climate station for the period 1892 

to 2002 AD were examined for their long-term trends and compared with freeze core carbonate 

abundance (Figure 2-9). Periods of lower annual temperature correspond with higher carbonate 

abundance in the Derby Lake freeze core from 1890 to 2000 AD. The period of highest 

carbonate abundance in the late 1800s and early 1900s corresponds with cooler than average 

annual temperatures and higher than normal precipitation. Lowest carbonate abundances in the 

1930s through the 1970s corresponds with a similar period of warmer annual temperatures, and 

generally below-normal precipitation, although correspondence between carbonate and 

precipitation breaks down in the later portion of the record. A return to cooler temperatures in the 

1970s and 1980s corresponds with a small increase in carbonate abundance. This increase is 

followed by a downward trend, perhaps related to an increase in annual temperatures during the 

late 1980s and 1990s. Carbonate levels in the upper portion of the core never reach their early 

201
h century levels, possibly owing to increased organic-matter production as a result of 

eutrophication in the past few decades. 

A simple linear model was used in an effort to compare the combined effects of 

precipitation and temperature as a predictor for carbonate abundance. The formula 

%CaC03 = 5.6*(-DMT + 0.2*DMP) + 40 

where DMT = smoothed departure from mean temp in °C and DMP = smoothed departure from 

mean precipitation in mm, gave the best results, with r2 = 0.44 for the period 1987-1898 AD and 

an r2 = 0. 72 for the period 1972-1898 (Figure 2-8). 

The record of carbonate abundance for the entire freeze core, which is dated with a 

combination of 210Pb and 14C age models (Teranes unpublished), extends to approximately 1360 

AD, and is compared with Northern Hemisphere temperature anomalies (Mann et al. 2003) and 

sunspot numbers (Lean 2000) in Figure 2-10. Several prominent centennial- to decadal-scale 

fluctuations in carbonate abundance occur over this time period, with periods of high carbonate 

abundance correlating with periods of lower temperature anomalies, and the period of highest 

carbonate abundance correlating with the lowest temperature anomalies and a major sunspot 
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Figure 2-10. Derby Lake freeze core calcium carbonate abundance versus years AD (combined 

Pb-210 and radiocarbon age model) and Northern Hemisphere temperature anomalies (Mann et 

al. 2003) and sunspot number (Lean 2000). 
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minima. Correlation becomes tenuous with greater age, which may be due to uncertainties in the 

freeze-core radiocarbon age model, yet the similarity in structure of the two records is striking. 

Biogeochemical mechanisms linking carbonate abundance and climate 

The corresponding decadal-scale trends in annual temperature, precipitation, and freeze-core 

carbonate abundance are linked by the seasonal biogeochemical dynamics of carbonate and 

organic matter production in small temperate lakes. High rates of organic matter production in 

the epilimnion may lead to carbonate dissolution in hypolimnetic and pore waters (Dean 1999) 

and result in the decadal-scale changes observed in the freeze-core carbonate abundance. Lake 

primary productivity is known to vary from year to year due to changes in climatic conditions, 

particularly the availability of sunlight. For example, a marked decrease in annual lake net 

productivity occurred in 1972 in Lawrence Lake, Michigan, which was a particularly cloudy and 

rainy year (Wetzel 2001). 

Experimental data suggest that sunlight is an important component in stimulating lake 

productivity beyond its role in photosynthesis. Dissolved organic carbon (DOC), mostly in the 

form of recalcitrant humic and fluvic acids, is the largest organic carbon pool in Jake waters 

(Wetzel 2001). Photo-oxidation of DOC by sunlight increases the bioavalibility of humic 

compounds by breaking large molecules into smaller structural units (Kieber et al. 1989, Strome 

and Miller 1978). The newly available organic substrate created by these photochemical 

reactions may stimulate bacterial productivity substantially, with as much as 360% increase in 

bacterial volume in cultures (Lindell et al. 1995). Experiments with natural light demonstrate that 

changes in photo-degradation are extremely sensitive to light availability, and a single rainstorm 

lasting an hour can substantially lower C02 produced by photo-oxidation (Wetzel 2000). 

These mechanisms explain the higher rates of carbonate accumulation in Derby Lake 

sediments that occur during periods of lower mean annual temperature. Lower than normal 

temperatures are associated roughly with wetter years (i.e., with fewer sunny days), which slow 

the rate of DOM photo-oxidation with subsequent reduction in phytoplankton productivity. 

Reduced rates of productivity in turn reduce the rate of organic-matter export to hypolimnetic 

waters and lower C02 levels there, leading to Jess intense anoxia, higher hypolimnetic pH, and an 

environment more favorable for the preservation authigenic calcite. 

Highest carbonate abundance in the Derby Lake freeze core occurs when annual 

temperature is below normal, and annual precipitation is above normal. This effect is most 
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clearly observed from 1900-1970 AD in freeze-core sediments (Figure 2-9). Above normal 

precipitation is coincident with below normal temperatures prior to 1930, followed by a period of 

generally warmer temperatures and below normal precipitation from the 1930s through 1970s. 

In addition to the temperature-productivity linkage discussed above, precipitation may 

also play a role in governing carbonate mineral accumulation. Shapley et al. (in review) report 

that carbonate accumulation in two groundwater-dominated lakes is linked to the rate of 

groundwater recharge, which supplies Ca2
+ for calcium carbonate precipitation. During dry 

periods the rate of Ca2
+ supply is reduced and rates of carbonate accumulation decrease. This 

mechanism may also be in effect in Derby Lake, as a similar relationship between precipitation 

and carbonate abundance is apparent, but is likely a secondary effect to carbonate dissolution 

driven by changes in productivity. 

Carbonate depletion events 

Carbonate-depleted intervals occur throughout the generally carbonate-rich Derby Lake core, 

defined as periods of percent carbonate falling below 50% or grayscale intensity rising above 150 

(Figure 2-11 ). Strict adherence to these criteria will lessen or increase the number of events 

reported, due to the long-term decreasing trend in carbonate accumulation through the late-

Holocene portion of the core. In consequence, it is necessary to use combinations of the above 

criteria followed by a visual check against macroscopic core structure to reflect most accurately 

the presence of carbonate-depleted horizons. Using the above criteria, 70 distinct carbonate 

depletion events can be detected between 8700 and 1100 cal yr BP (Figure 2-6 and 2-13). Table 

2-3 shows statistics indicating the number of events and event duration through the entire interval 

and also four sub-intervals. The pattern is distinctive with time and can be correlated from core 

to core, indicating that the conditions producing these events were basin wide rather than 

localized features on the lake bottom. 

Event duration was determined by varve counts where laminations were discernible, but 

due to the increased difficulty in detecting laminations in carbonate-depleted core intervals, event 

lengths were also estimated with radiocarbon-based sedimentation rates. Event duration ranges 

considerably, from 2 to 101 years. Table 2-3 displays basic statistics for event duration and 

interval between events over the interval from 8700 to 1100 cal yr BP as well as four sub-

intervals. Mean values are somewhat misleading owing to the wide distribution skewed towards 

lower values, and the distribution of events with respect to a given time window varies 
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Figure 2-11. Photographs of early- (A) and late-Holocene (B) carbonate depletion events with 

superimposed grayscale intensity plot, and to the right of each photo corresponding percent 

carbonate data. Note early Holocene turbidite denoted by white "T". In general, coulometry data 

record carbonate fluctuations with lower fidelity than grayscale intensities owing to fixed 

sampling interval downcore that often mixed materials across lithologic transitions. 
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TABLE2-3 

Event Duration 

time window all 8500-7000 7000-5500 5500-4000 4000-2500 2500-1100 

n 70 40 15 5 3 7 

mean 12 34 5.6 11.2 10.4 9.5 

median 6 27 3 8 3 4 

mode 3 3 3 3 2 

st dev 17 32 4.6 9.3 15 14 

Interval Between Events 

n 70 40 15 5 3 7 

mean 92 95 203 441 86 28 

median 27 38 1334 232 34 13 

mode 

st dev 220 121 309 603 103 35 

Table 2-3. Statistics for length of carbonate depletion events in years, Derby Lake core 1. 
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considerably, with the preponderance of events occurring after 2500 cal yr BP, and the fewest 

events occurring in the mid-Holocene between 7000 and 5500 cal yr BP (Figure 2-6). 

The increase in organic carbon coinciding with each event (Figure 2-6 and 2-7) suggests 

changes in calcite preservation are a driving force behind calcite depletion. Increases in organic 

matter production and subsequent export to hypolimnetic waters increases the size of the anoxic 

hypolimnion and lowers the pH of hypolimnetic waters, producing environments suitable for 

calcite dissolution (Dean 1999). Significant calcite dissolution also occurs in anoxic pore waters 

of organic-rich sediment (Muller et al. 2003). 

Seasonality 

Seasonality in the Holocene has varied because of changes in the precessional cycle (Kutzbach 

and Ruddiman 1993). According to orbital theory, relatively mild spring and fall conditions were 

more prevalent in the late Holocene (0-4 ka), whereas early to mid-Holocene (9-4 ka) were 

characterized by an increased contrast between summer and winter insolation and more rapid 

transitions between these extremes, with such conditions dominating North American climate 

through 6 ka BP (Kutzbach and Ruddiman 1993). In the early- to mid-Holocene, summer 

insolation was higher than modern, whereas winter insolation was lower than modern. Insolation 

during the months of March, April, October and November was also generally lower in the mid-

Holocene before increasing into late-Holocene times as seasonality became less extreme (Berger 

1978). These changes influenced the organic-carbonate system of Derby Lake and controlled the 

large-scale structures of the carbonate and organic-carbon profiles. The sum of March, April, 

October, and November insolation from 9000 to 0 cal yr BP (MAON) is plotted in Figure 2-6. A 

best-fit line to a plot ofMAON insolation versus percent organic matter has an r2 of0.58 (Figure 

2-12). 

Calcite precipitates in summer and is favored by warm-water conditions (Ohlendorf and 

Sturm 2001, Nuhfer et al 1993). In contrast, primary algal productivity may become significant 

as early as late March and April, reaching peak levels in summer, with intermediate values that 

trail off to winter background levels by November. The seasonal variation of insolation is the 

dominating factor controlling lake primary production at higher latitudes, as lakes of similar size 

and nutrient-supply at lower latitudes may have double the productivity of temperate counterparts 

because of increased insolation at lower latitudes (Lewis 1996, Wetzel 2001 ). In eutrophic 

systems, production is more variable from month to month as nutrients become limiting after 
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intense blooms and the change in physical environments with the seasons. In such systems, 

winter production may account for as much as one quarter of the annual primary productivity 

(Wetzel 2001). 

During the mid-Holocene, lower insolation during October through April would have 

reduced spring and fall productivity and had the effect of shortening the aquatic growing season. 

Summer insolation would have markedly increased during this portion of the record, favoring 

mid-summer production of cyanobacteria and warm-water calcite precipitation. September 

insolation reached a maximum at 6600 cal yr BP before declining into the late Holocene. The fall 

bloom may have been more intense during this brief period but also shorter because October 

insolation was low at this time before it increased through the Holocene to peak values at 4500 

cal yr BP (Berger 1978). This moderation of fall insolation, coupled with increasing November-

March-April insolation from 4500 cal yr BP to present, moderated spring and fall climate, 

lengthened the aquatic growing season, and facilitated photo-oxidation of DOC and non-summer 

productivity. 

Dustin et al.'s (1986) study of the carbonate budget of a small marl lake in southern 

Michigan revealed that the amount of carbonate that had accumulated in the lake basin could not 

have accumulated at present precipitation rates. They suggested that progradation of carbonate 

benches and expansion of bogs and swamps in the watershed reduced carbonate production and 

increased allochthonous organic matter deposition into the late Holocene, respectively. A similar 

situation exists in Derby Lake, where the highest carbonate abundances occur in the mid-

Holocene sediments of the lake. Dustin et al.'s (1986) explanation of the problem is problematic 

for Derby Lake, as carbonate benches are smaller and the watershed is small and contains little 

wetlands. An alternative explanation to the increase in carbonate sedimentation in the mid 

Holocene times lies in the dynamics of production and dissolution described above and changes 

in Holocene insolation. At 7000 cal yr BP summer insolation was more intense (May-Oct 

+3.3%) than at present while spring and winter insolation was reduced (Nov-Apr -2.0%, Figure 

2-13). Enhanced insolation in the summer would favor calcite production while decreased 

insolation in non-summer months would reduce non-summer productivity and lessen the rates of 

calcite dissolution. This is a likely mechanism behind the increased carbonate abundance found 

in such lakes during the Holocene. 

The variable nature of month-to-month precession-driven insolation maxima has been 

suggested as a mechanism to explain temporal differences in the response of terrestrial 

paleoclimate proxies located in the same region (Davis 1984). Aquatic ecosystems have not been 
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examined for similar effects, but the biogeochemical dynamics of calcite and organic matter 

deposition in the Holocene of Derby Lake suggest that such changes may also be significant in 

these systems. This hypothesis may be tested by examination of fossil diatom community 

structures through time. Card (1994) found that diatom communities are sensitive to the timing 

of spring ice-out, with the species Cyclotella bodanica favoring years with later ice-out. The 

diatom record of Wintergreen Lake, southwest Michigan, displays a high abundance of C. 

bodanica during mid-Holocene portions of the record before decreasing through the late 

Holocene (Manny et al. 1978). The generally high abundance of C. bodanica during the mid-

Holocene may be driven by a later ice-out that occurred during these times. Future examination 

of changes in the Holocene diatom community in Derby Lake may also record a pattern of later 

ice-out dates during the mid-Holocene. 

Comparison with regional paleoclimatic records 

The correspondence between changes in Derby Lake freeze core carbonate abundance with 

instrumental and proxy climate data indicate that the carbonate system of Derby Lake is sensitive 

to known climatic variations occurring in the past few centuries. To investigate possible 

correspondence with regional Holocene climatic changes, the Derby Lake carbonate record was 

compared with several published Holocene climatic reconstructions from the region (Figure 2-

14). These studies included two late-glacial and Holocene climatic reconstructions for southern 

Michigan by Manny et al. (1978), and Krishnamurthy et al. (1995), which used sediment diatom 

and pollen, and the hydrogen isotopic composition of lacustrine organic matter, respectively; two 

studies of the late Holocene fluctuations of Lake Michigan water levels reconstructed from beach 

ridges were conducted by Lichter (1995) and Baedke and Thompson (2000); and a 

paleohydrological reconstruction from bog humification and testate amoebae for eastern Lower 

Michigan conducted by Booth and Jackson (2003). 

Paleoclimate from 9000-4500 cal yr BP 

Four prominent carbonate depletion events occur in Derby Lake from 8200 to 7880 cal yr BP, 

ranging in duration from 101 to 27 years (Figure 2-14). In addition, sedimentologic evidence 

suggests a period of reduced lake level centered around 7800 cal yr BP. A debris flow deposit is 

present in Core 1 at this time, and this interval correlates to a small turbidite deposit a few 

centimeters thick bounded by poorly laminated sediments above and below in Core 2. The lack 
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Figure 2-14. Derby Lake percent carbonate versus age in years BP. Top panels are summaries of 

paleoclimatic reconstructions (see text). 
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of laminations in this interval of Core 2 may suggest that water levels became low enough to 

allow bioturbation in some portions of the profundal areas of Derby Lake. Lower lake levels 

occurring during this period would be consistent with carbonate depletion events during this 

period that result from heightened anoxia and reduced precipitation during warmer summers. 

This series of warm events progressively lowered lake level, destabilized sediment slopes, and Jed 

to basin-wide mass wasting events. A similar period of early-Holocene Jake-level variability was 

noted by Manny et al. (1978) in their study of Wintergreen Lake in southwest Michigan. The 

first appearance of beech pollen at this site at 7400 14C yr BP (approx 8000 cal yr BP) coincided 

with fluctuating lake levels as indicated by transitions between planktonic and benthic diatom 

communities, interpreted as a period of fluctuating moisture balance. 

The period around 8200 cal yr BP is known as a time of widespread climatic change in 

the circum-North Atlantic region (Alley et al. 1997). The remnant Laurentide Ice Sheet (LIS) 

collapsed around 8400 cal yr BP (Barber et al. 1999), and this time also marks the onset of the 

most intense phases of the arid mid-Holocene "Prairie Period" in the plains and the Midwest. 

Varve thickness data from Deep Lake, MN suggests a period of landscape instability and 

increased storminess during several hundred years surrounding this interval (Slawinski 1998). 

These changes are thought to have been associated with reorganization of atmospheric circulation 

patterns following collapse of the LIS (Dean et al. 2002, Shuman et al. 2002). A shift in the 

storm track following the retreat of the polar front along with LIS collapse may be linked to the 

carbonate depletion events found in Derby Lake sediments around these times, though their 

timing is suggestive of a broad period of instability rather than one brief event. Sunnier, warmer 

conditions would favor increased organic productivity during this phase, leading to subsequent 

dissolution of calcite. This suggests a brief period of early Holocene warm conditions during this 

time in Lower Michigan. 

Derby Lake calcium carbonate abundance broadly increases from 8700 to 7000 cal yr 

BP and remained at elevated levels through 4800 cal yr BP (Figures 2-6 and 2-14). Periods of 

carbonate depletion decreased in frequency during the mid-Holocene as carbonate abundance 

increased, with only three events occurring between 7000 and 4000 cal yr BP (Table 2-3). This 

period of mid-Holocene stability suggests that more intense summer insolation and spring and fall 

conditions less favorable for aquatic productivity produced an environment favorable for calcite 

preservation." 

Manny et al. (1978) interpret the increase in Elm and decrease in Oak pollen between 

7000 and 4000 cal yr BP as an indication of increasing moisture to the region, and pollen studies 
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from adjacent sites in Lower Michigan support this interpretation (Gilliam et al. 1967, Kerfoot 

1974, Bailey and Ahearn 1981). Krishnamurthy et al. (1995) interpret this period as warm and 

dry. However, the isotope data reported by Krishnamurthy et al. (1995) for this interval are close 

to modern.values for summer precipitation, hence the record may simply reflect a change in the 

seasonality of precipitation driven by Holocene insolation changes. Analysis of mid-Holocene 

fluctuations in Ambrosia and Artemesia pollen types by Grimm noted a similar effect, and 

suggests that levels of summer precipitation remained steady at the expense of winter 

precipitation during the mid-Holocene (Grimm 2004). 

The high abundance of carbonate and paucity of carbonate depletion events between 

7000 and 4500 cal yr BP in Derby Lake suggest that this was a period of favorable conditions for 

calcite production and preservation that was driven by both seasonality, which favored summer 

calcite precipitation, and a moderate to moist climate, which favored calcite preservation. 

Paleoclimate from 45 00 to 0 cal yr BP 

Derby Lake carbonate depletion events gradually increased in frequency and intensity after 2700 

cal yr BP, superimposed on a long-term trend of decreasing carbonate abundance. This is 

mirrored by oscillations in organic carbon superimposed on a long-term increasing trend (Figure 

2-6). The increase in organic-carbon abundance suggests that annual lacustrine primary 

production increased under more favorable conditions for early and late growing-season 

productivity. 

Paleoclimatic studies from Lower Michigan suggest that the environment varied 

significantly in this interval. Primarily based on Beech pollen abundance, Manny et al. (1978) 

suggested that dry conditions increased in Lower Michigan from 5700 to 2580 cal yr BP followed 

by a brief wet phase followed by a return again to drier conditions from 2200 to 135 cal yr BP 

(Figure 2-14). Krishnamurthy et al. (1995) suggest warm dry conditions changing to a cold 

interval from 1950 to 1150 cal yr BP, followed by a gradual return to warm conditions to present 

(Figure 2-14). Lake Michigan water levels (Baedke and Thompson 2000) and Minden Bog 

paleohydrology (Booth and Jackson 2003) suggest coherent changes in moisture balance, with 

moist conditions dominating between 3420-2330 cal yr BP, a dry period between 2330 to 1850 

cal yr BP, and a return to moist conditions from 1850 to 1250 cal yr BP; Booth and Jackson 

(2003) suggest a period of slightly drier conditions persisting from 1250 cal yr BP to just prior to 

European settlement. Discrepancies in the phasing of these events, particularly between Manny 

et al. (1978) and Krishnamurthy et al. (1995) versus Baedke and Thompson (2000) and Booth and 
77 



Jackson (2003) may be due to dating uncertainties associated with the former studies. 

Chronologic discrepancies aside, these studies clearly show that major fluctuations in regional 

moisture balance occurred in lower Michigan during the last 4500 years. 

Fluctuations in the carbonate abundance of Derby Lake sediments correspond with 

previously reported paleoclimatic events mentioned above, but also reveal a much higher 

frequency of changes. Carbonate depletion events occurring between 4200 and 3400 cal yr BP 

are suggestive of warmer conditions during these times and support similar conclusions reached 

by Manny et al. (1978) and Krishnamurthy et al. (1995). A decline in the frequency of events and 

increase in carbonate levels from 3400 to 2600 cal yr BP corresponds with the increase in 

moisture balance suggested by high lake levels reported by Baedke and Thompson (2000) and 

elevated water tables reported by Booth and Jackson (2003). Low carbonate values in Derby 

Lake from 2390 to 1890 cal yr BP coincide with similar periods of dry conditions reported by the 

latter studies, and generally higher carbonate abundance in Derby Lake between 1890 and 1320 

cal yr BP correspond with the return to moister conditions suggested by these studies. The high 

carbonate levels in Derby Lake between 2000 and 1500 cal yr BP seem to reflect a significant 

wet/cold late Holocene event recorded in all the studies mentioned, though the timing of this 

event in Wintergreen Lake (Manny et al. 1978) is too old. These chronological errors can be 

attributed to the use of bulk-sediment radiocarbon dates in the Wintergreen Lake study, which are 

prone to reservoir effects, particularly in the carbonate-rich substrates found in Lower Michigan. 

The chronologies of Derby Lake and Minden bog were constructed using AMS radiocarbon dates 

on terrestrial materials and can be considered more reliable. 

Though the general trends of carbonate abundance correspond broadly with Lake 

Michigan water levels, Minden Bog water table, and Wintergreen Lake paleolimnology, the 

Derby Lake record also exhibits a higher degree of variability, with decadal- to centennial-scale 

oscillations in carbonate concentration superimposed upon these broader trends. 

Correlations with other regional paleoclimatic data support the hypothesis that Derby 

Lake carbonate values decrease during warmer conditions. Though moisture balance cannot be 

inferred from the carbonate data alone, the correspondence with Lake Michigan water levels and 

the Minden bog water table suggest that the dry periods reflected in those records correspond 

with warmer temperatures as well. Wet periods would also correspond with increasing 

cloudiness, which lowers phytoplankton productivity and favors the preservation of calcite. 
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Spectral analysis and cyclic variability 

Ekdahl (2004) performed spectral analysis of the Derby Lake grayscale intensity data set. 

Several peaks are significant above the 99% confidence interval, including peaks at 71 , 58, 

44, 29, 25, years (Figure 2-15). An evolutionary power spectrum of the same dataset 

records peaks at similar periodicities and also demonstrates where those frequencies are 

prominent in the record. The evolutionary spectrum is notable for a significant decrease in 

spectral power at all frequencies in the mid-Holocene portion of the record between 

approximately 7000 and 4500 cal yr BP. Wavelet analysis of the same data also shows an 

absence of decadal-scale variability during the mid-Holocene portion of the record (Figure 2-14). 

The paucity of carbonate depletion events in the mid-Holocene of Derby Lake and their 

subsequent increase in later portions of the record may be a signature of changing climatic 

variability through these times. Recent data (e.g. Rodbell et al. 1999) and modeling studies (e.g. 

Bush 1999) demonstrate that the ENSO cycle behaved fundamentally differently during the early 

and middle Holocene. Moy et al. (2002) suggest that ENSO events increased in frequency and 

intensity from the mid-Holocene to 1200 yr BP, before tapering back to levels experienced in the 

modern system. The timing of these changes corresponds roughly to the pattern of carbonate 

depletion events seen in the Derby Lake record through the Holocene. Median and mode event 

lengths for the window 2500 to 1100 cal yr BP fall within the ENSO spectrum, with mean event 

length skewed towards longer decadal-scale events (Table 2-3). 

Known decadal-scale cycles in the climate system, such as the Pacific Decadal 

Oscillation (PDQ) and the North Atlantic Oscillation (NAO) are of increasing interest to the 

climate-dynamics community. Changes in tropical sea surface temperatures have recently been 

linked to the 1930s "Dust Bowl" drought that affected much of central North America (Schubert 

et al. 2004). Yet other studies suggest that changes in solar irradiance and volcanic activity can 

account for much of the observed decadal-scale climatic changes of the past 1000 years (Crowley 

2000). Research on the historical trends of these cycles through the Holocene are in its infancy. 

The Derby Lake record is a promising archive of decadal-scale variability through the Holocene 

and may demonstrate fundamental differences in decadal-scale variability of the ocean-

atmosphere-climate system over long timescales. 
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Figure 2-15. A. Power spectrum of Derby Lake grayscale data (above), and evolutionary power 

spectrum of Derby Lake grayscale data (below). From Ekdahl (2004). B. Wavelet transform 

spectrum, Derby Lake core I grayscale. Sub-panel a. is grayscale data versus calendar year BP. 

Sub-panel b. is wavelet intensity by period and age, calendar year BP. Sub-panel c. is global 

wavelet, with areas of statistically significant cyclicity denoted where solid line passes to right of 

dotted line. 
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CONCLUSIONS 

• The sediments of Derby Lake are annually laminated through much of the Holocene and 

dateable to high precision using a combination of AMS 14C age determinations and varve 

counts. Varve counts underestimate radiocarbon age models in portions of the core that 

are significantly depleted in carbonate but are consistent with radiocarbon age estimates 

elsewhere. 

• The large-scale pattern of calcite and organic-carbon accumulation in Derby Lake is 

primarily governed by millennial-scale changes in seasonality driven by the precession 

cycle. The increase in organic carbon and variability through later portions of the core 

reflects moderation of spring and fall temperatures, leading to a longer growing season 

and an increase in decadal- to sub-decadal climatic variability. 

• The abundance of carbonate in Derby Lake sediments that have accumulated since 1890 

can be linked to changes in temperature and precipitation in historic climate data, with 

periods of highest carbonate accumulation occurring during a period of below normal 

temperatures and above-average precipitation in the late 19th and early 20th centuries. 

The mechanisms driving decreased carbonate abundance include dissolution of carbonate 

driven by increased organic matter respiration and DOM photo-oxidation during warmer 

conditions, and decreased rates of carbonate precipitation driven by reduced groundwater 

recharge and Ca2+ influx during dry years. 

• Derby Lake records a period of paleoenvironmental instability for several centuries 

following 8200 cal yr BP. Several calcite depletion events between 8200 and 7800 cal yr 

BP suggest a series of warm events preceeding a mass wasting event and cessation of 

varve formation in adjacent cores, suggesting low lake level during this time. 

• The mid-Holocene of Derby Lake (7500-4500 cal yr BP) is characterized by high and 

stable carbonate abundance and a paucity of carbonate depletion events, suggesting a 

period of paleoenvironmental stability in part driven by insolation conditions favorable 

for the production and preservation of carbonate. 
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• The late Holocene of Derby Lake (4500-0 cal yr BP) is characterized by decreasing 

carbonate abundance, increasing organic matter, and an increase in frequency of 

carbonate depletion events. Broad trends in carbonate abundance correspond to 

regionally noted changes in moisture balance. Elevated carbonate levels from 3250 to 

2350 cal yr BP correspond to regional wetness, low carbonate from 2350 to 1890 cal yr 

BP corresponds with a period of regional aridity, and a return to higher carbonate levels 

corresponds to increasing moisture from 1850 to 1320 cal yr BP. High grayscale values 

suggest low carbonate dominating from 1300 to 150 cal yr BP, which is a dry period as 

suggested by records from Minden Bog and Wintergreen Lake. The paleoenvironmental 

interpretation of the Derby Lake carbonate record supports previous work suggesting that 

there were significant periods of warmer conditions in Michigan during the last 4000 

years, but that these conditions oscillated with periods of cooler temperatures at a higher 

frequency than previous studies could detect. 

• Centennial, decadal, and inter-annual variability of carbonate and organic matter 

abundance varies with time in the Derby Lake record. Early portions of the record 

contain longer events, while event length shortens later in the record as oscillations 

increase in frequency. The middle portion of the record contains few events. These 

patterns suggest changes in interannual and decadal-scale variability through the 

Holocene, possibly driven by changing patterns of ENSO and PDO-like variability in 

response to changes in Holocene insolation. 

• The Derby Lake record is a remarkably high-resolution paleoenvironmental archive that 

is sensitive to climatic oscillations, which will reward additional investigation, and it will 

contribute substantially to our understanding of late-Quaternary paleoclimate just as other 

annually laminated sites such as Elk Lake, Minnesota and Cariaco Basin, Venezuela have 

done. 
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CHAPTER 3: AUTHIGENIC SIDERITE IN THE ANNUALLY LAMINATED 

HOLOCENE SEDIMENTS OF OTTER LAKE, MICHIGAN: INSIGHTS FROM 

SEDIMENT ELEMENTAL AND STABLE ISOTOPE GEOCHEMISTY 
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INTRODUCTION 

Authigenic siderite (FeC03) is a rare component in sediments of modern freshwater lakes. 

Siderite occurrences have been noted in a handful of Quaternary Iacustrine sequences, with more 

incidences reported from ancient lacustrine sediments (Dean and Fouch 1983). Anthony (1977) 

described Fe-rich laminations containing some siderite from the Holocene sediments of Lake of 

the Clouds, Minnesota. Most freshwater occurrences are of low abundance in isolated layers or 

nodules, with many occurring in swamp or bog sediments (Potsuma 1981 ). Geochemical and 

sedimentologic studies of siderite from coastal marsh sequences suggest that the mineral forms 

during early-diagenesis mediated by microbial activity (Moore et al. 1992, Mortimer et al. 1997). 

Siderite precipitation requires low sulfur concentrations and a narrow range of Eh and pH 

conditions (Figure 3-1). These requirements make siderite a sensitive indicator of the oxidation-

reduction characteristics of the sedimentary environment in which it is found. Berner's (1981) 

classification of geochemical sedimentary environments uses siderite and vivianite 

(Fe3(P04) 2·8H20) as primary indicators of anoxic, nonsulfidic, highly reducing ("methanic") 

conditions. These conditions are more likely to exist in freshwater than marine environments 

because of the lower sulfate levels typical of freshwater environments. 

Here, a new siderite occurrence is reported from the Holocene sediments of Otter Lake, 

Michigan, USA. This occurrence is noteworthy for the presence of large amounts (up to 70%) of 

siderite in millimeter-scale laminations that make up the seasonal succession ofvarve sediments 

where vivianite also frequently occurs. The relative abundance of siderite, its stable isotopic 

composition, and the major element geochemistry of the lake water and sediments are used to 

characterize the environment of siderite precipitation. In addition, correlation to regional 

paleoclimatic records shed further fosight into the processes governing this new siderite 

occurrence. 

STUDY SITE 

Otter Lake is located in east-central lower Michigan (43°13 '9.48" N lat., 83°27'30" W long; 

Figure 3-2). The lake has a surface area of27.5 Ha and a maximum depth of 35.6 m. A sill at a 

maximum depth of 3 m further separates the lake into two sub-basins. The basin lies in a 

stagnation moraine complex of fine-textured till of the Saginaw sublobe of the Laurentide Ice 

Sheet, which advanced from the northwest from Saginaw Bay of the Lake Huron basin (Farrand 
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Figure 3-1. Eh-pH diagram for siderite at 25° C, 1 atm, [Fe2+] = l.60· 10-4 molal, and alkalinity= 

2.55• 10·3 molal. Eh is redox potential in volts, with negative values indicating reducing 

conditions and positive values indicating oxidizing conditions. pH is a measure of the hydrogen 

ion activity (acidity) of a solution, with a pH of 7 indicating a neutral solution, and pH< 7 

indicating acidic conditions and pH > indicating basic conditions. 
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Figure 3-2. Location and bathymetry of Otter Lake. Contour interval= 5 m. Line A-A' was 

used to construct lake cross sections in Figure 3-14. 
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and Bell 1982). The lake is dimictic, eutrophic, and is the last in a chain of a series of small 

ponds surrounded by wetlands that feed its inlet. A small outlet flows from the south end of the 

lake. Small patches of marl are mapped on the sill separating the two sub basins (Michigan 

Department of Conservation Lake Map Survey 1963). Steep banks surround the lake to the east 

and northeast, and approximately two thirds of the shoreline is developed with small homes and 

cottages. Thick deciduous forests dominated by oak surround the lake to the north and east. 

METHODS 

A Kullenberg piston core was raised in July 1999 using a raft system modified from the design of 

Kelts et al. (1986). Gravity and freeze cores were also collected at the time of piston coring. 

Piston and gravity cores are archived at the National Lacustrine Core Repository, University of 

Minnesota; freeze cores are archived at Scripps Institution of Oceanography. Piston cores were 

first analyzed for magnetic susceptibility and wet bulk density on a multi-sensor core logger. 

They were then split, photographed, and described in terms of macroscopic texture and structure. 

Smear slides taken at irregular intervals (1-20 cm) were used to estimate proportions of 

authigenic, biogenic, and elastic components of the sediments. Petrographic identification of 

mineral phases was confirmed with x-ray diffraction. Portions of core were embedded with 

Spurr's resin using both acetone-replacement and flash-freeze freeze-dry techniques, and cured 

for thin section preparation (Lamoureux 1994, Lotter and Lemcke 1999). 

Limnologic data and water samples were gathered in July and October 1999. Dissolved 

oxygen and temperature were measured in situ using a combined probe. Water samples were 

collected using a VanDorn non-metallic sampler at surface (0 m), 2.5, 5, 10, 15, and 20 meters. 

Alkalinity and pH were determined in the field by titration and portable sensor, respectively. 

Conductivity was measured on samples collected with a VanDorn sampler with a hand-held 

meter. Samples were preserved for later analyses of dissolved inorganic carbon (DIC), major 

cations and anions, and stable isotopic composition of carbon and oxygen at the University of 

Michigan by Jane Teranes. Cations were measured using an ICP atomic emission spectrometer 

(ICP-AES); anions were measured with a Dionex 40001 ion chromatograph. Dissolved inorganic 

carbon (DIC) was measured using coulometry. 

Radiocarbon dates were determined at four horizons in core OL991K by Accelerator 

Mass Spectrometry (AMS) at the Center for Acceleratory Mass Spectrometry, Lawrence 

Livermore National Laboratory. Macrofossil (leaf) fragments were removed from the base of the 

core. A charcoal sample for AMS dating was handpicked from a coarse sieve fraction under 
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dissecting scope. In addition, two pollen extracts were dated using a modified technique from 

Brown at al. (1989). Such "pollen dates" often contain non-pollen fine-grained organic matter 

that, like pollen, resists digestion in weak peroxide solutions; hence "pollen dates" are better 

described as "microfloral concentrates" (Russell et al., 2003). 

X-ray diffraction samples were prepared from dried and powdered sediment at core 

intervals of every 10 cm using facilities at the Department of Geological Sciences, University of 

Minnesota-Duluth. Samples were scanned using a Phillips X-pert from 5 to 75° 29 at 0.02° 

increments using a CuK-alpha radiation source at 45 kV and 30 mA. The relative abundance of 

siderite is expressed as the ratio of the primary quartz peak intensity in counts per second 

averaged from 26.49 to 26.71° 29 versus the primary siderite peak intensity (primary siderite 

· standard peak= 31.99° 29) averaged between 31.67 to 32.05° 29. A broader range of 29 values 

was averaged to calculate the intensity of the siderite peak to include effects from slight 

compositional variations that were encountered at select horizons, primarily by incorporation of 

Mn into the siderite structure. 

Two-hundred mg samples of dried, powdered sediment collected at approximately 20-cm 

intervals down core were analyzed for major, minor, and trace elements in a multi-acid digest by 

inductively coupled, argon-plasma atomic emission spectrometry (ICP-AES; Briggs, 2002) at the 

United States Geological Survey in Denver. USGS rock standards were included with the 

sediment samples. Precision, determined by analyzing rock standards and duplicate samples, is 

better than 10% at a concentration of 10 times the limit of detection. 

Samples for stable isotopic analysis of carbonate carbon and oxygen were run by Lora 

Wingate at the Stable Isotope Laboratory at the University of Michigan. Samples were plac·ed in 

stainless steel boats and treated at 200° C for one hour to remove volatiles and water. Samples 

were subsequently placed in borosilicate vessels and reacted at 76° C with three drops of 

anhydrous phosphoric acid for 22 minutes in a Finnigan MAT Kiel preparation apparatus coupled 

to the inlet of a Finnigan MAT 251 triple collector isotope ratio mass spectrometer. Data are 

reported in per mille (%0) notation relative to VPDB rock standards with a precision of better than 

0.1 %0, and an average sample standard deviation of 0.04%0. 

Grayscale intensity is a measure of the brightness of a digital image and ranges from zero 

(white) to 256 (black). Intensities were determined using whole-core scans collected using a 

DMT core scanner. The flat, oxidized surfaces of split core sections were scanned at high 

resolution using a line-scanning digital camera with polarized light source and lens filter to 

eliminate glare from water reflections. These scans were imported into Scion Image software, 
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converted from color to grayscale, then measured for grayscale intensity inside a 1 cm-wide 

rectangle long the length of the core. 

Freeze-dried and powdered sediments were mounted on Al stubs with double-sided 

carbon tape for scanning electron microscopy (SEM). Samples were coated with 1 OA of 

. platinum and carbon, the latter samples analyzed for elemental composition using the energy 

dispersive system (EDS) on a JEOL JSM-6500F Field Emission SEM, using an accelerating 

voltage oflO.O kV. 

Water chemistry data collected using methods described above were used in a series of 

simulations using the geochemical modeling software Geochemist's Workbench (GWB, Bethke 

1996). Such software computes equilibrium distributions of multi-component fluids using 

established thermodynamic relationships. Since it was assumed that the minerals siderite and 

vivianite would likely be precipitating near the sediment-water interface, analysis was primarily 

centered on water samples from 20 m depth in the hypolimnion. One GWB run was based on the 

chemistry of a surface water sample (0 m). The data, including elemental abundance, alkalinity, 

pH, oxygen concentration, and water temperature, were entered into the REACT module of 

GWB. Siderite and vivianite were then added into the GWB basis and allowed to equilibrate with 

simulated lake water in an effort to determine a minimum concentration of Fe that would be 

present in the water at saturation with these minerals. 

Eh-pH diagrams were constructed for siderite and vivianite individually and paired using 

the GWB module ACT2 and bicarbonate and monohydrophosphate activities obtained from the 

above REACT trials. 

RESULTS 

Otter Lake limnology 

The dissolved oxygen and temperature profiles from July (Figure 3-3) demonstrate the stratified 

nature of the lake and suboxic conditions of the bottom waters. Fe and Mn increase with depth as 

a result of increasing solubility in the low Eh bottom waters (Figure 3-3D). Calcium (Figure 3-3 

C.) and DIC (Fig 3-3 B) show modest increases in the hypolimnion as well, possibly related to 

the dissolution of CaC03 that is precipitated in the epilimnion during photosynthesis (Dean, 

1999). Surface DIC o13C ranges from-6.6 to-3.7%0 VPDB and decreases with depth to values 

between-9.0 and-10.2%0 VPDB. 
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Figure 3-3. Otter Lake Limnologic data collected July 1999. A. Temperature (°C) and dissolved 
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Although the lake is 35.8 m deep, water samples were initially not taken below 20 m depth 

because the hypolimnion was incorrectly assumed to be chemically homogenous. After the 

discovery of siderite in core materials, the lake was re-visited in summer of 200 I . Conductivity 

measurements through the entire water column did not reveal the presence of a highly conductive, 

permanently stratified layer (monimolimnion) in the deepest portions of the water column. 

Average concentration of iron measured in Otter Lake inlets was 0.394 µM. 

Sediment lithology 

The sediments of core OL991K vary gradationally in color and authigenic mineral abundance, but 

can be grouped into a single lithologic unit (Figure 3-4). This unit is a dark to light yellowish 

brown, mm- to sub-mm scale laminated, organic-rich mud containing abundant diatoms, trace 

amounts of quartzofeldspathic silt, and discrete decimeter-scale intervals of lighter laminations 

containing abundant (up to 70%) siderite. Millimeter-scale nodules ofvivianite are also common 

throughout the core, and are readily identified macroscopically by their sky-blue color upon 

initial oxidation, which later turns buff-white upon complete oxidation. The top meter of the 

piston core is massive owing to disturbances from piston motion during coring. 

Thin section description of laminations 

Thin sections of Otter Lake sediments reveal the mm-scale lamination structure to contain 

organic-rich layers that alternate with monospecific diatom sub-lamina and, where present, 

discrete layers of microcrystalline siderite. Where siderite does occur, it is concentrated in a layer 

above the monospecific diatom layer inferred to represent the spring bloom. The matrix of the 

sediment is composed of an amorphous organic matter with occasional particles of 

quartzofeldspathic silt and zooplankton remains, and terrestrial materials such as pollen and 

charcoal. 
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area of core I 0 cm in height. 
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TABLE3-1. 

CAMS# Sample Name Target Description Depth in Radiocarbon Calibrated Ages 
Material Core Ages± ± standard error 
(mg C) (cm) standard error (yr BP) 

( r BP) 
68235 OL99 lK-II 20 0.05 Charcoal 152 670±110 620±70 

(1330±70 AD) 
73211 OL99 lK-III 33 >l Pollen 315 4180±50 4690±70 
74838 OL99 lK-IV 68 0.349 Pollen 500 4630 ±40 5420 ±30 
70729 OL99 lK-CC 0.35 Leaf 682 4590±40 5300±20 

Table 3-1. AMS 14C dates from Otter Lake core OL991K. 
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Geochronology 

Four AMS 14C dates were determined from organic materials collected from the Otter Lake piston 

core (Teranes et al. 2000; Table 3-1 ). Lamination counts provide an independent estimate of 

sediment age. 6552 laminations were counted in the core. This total was pinned to the upper 

radiocarbon date determined from handpicked charcoal, and considered the most reliable of the 

radiocarbon dates. Pinning the varve chronology to the radiocarbon date at this horizon adds 215 

years to the varve counts, and also serves as a reasonable estimate for the number of varves 

missing from the upper portions of the core due to incomplete recovery of surface sediments. A 

best fit regression line through the upper radiocarbon date and pinned varve counts provides the 

basis for the age-depth model used to convert sediment depth to age in calendar years BP (Figure 

3-5). 

Radiocarbon ages from pollen extracts obtained at intermediate horizons in the core and a 

leaf fragment found in core catcher materials are discordant with the charcoal date and varve 

counts. Pollen extracts are often contaminated with non-terrestrial refractory organic carbon, 

which may be subject to lake reservoir effects-an explanation that accounts for older ages for 

both of these dates. The "leaf fragment" date is nearly I 000 years younger than the pinned varve 

age at the same horizon. Anomalously young radiocarbon dates are more problematic than 

anomalously old ages. Two possibilities may account for this result. First, the leaf fragment may 

have been contaminated with small amounts of younger carbon. Contamination by younger 

carbon is possible during both initial sample handling and laboratory preparation. Second, varve 

counts may have overestimated sediment age. Varve overcounts are rare, but may potentially 

arise from mistaking seasonal sub-lamina for annual cycles. Varve counts for Otter Lake increase 

in a generally linear trend with sediment depth, with some minor inflections. The general 

consistency of this trend argues for the varve counts being accurate, or at least internally 

consistent, though this does not exclude the possibility of a systematic counting error. 

Given the large discrepancies in the Otter Lake geochronology between varve counts and 

radiocarbon dates, the age model presented here should be considered preliminary, with 

additional radiocarbon dates and replicate varve counts required to improve confidence in the 

chronology. 
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Figure 3-6. Scanning electron images of siderite crystals from Otter Lake. 
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Figure 3-7. X-ray diffraction profile of Otter Lake siderite. 'S' labels major siderite peaks, 'Q' 
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Scanning electron microscopy 

SEM images from siderite-rich horizons reveal masses of micron- to submicron-scale 'bow tie' 

shaped crystals made up of nanometer-scale overlapping triangular crystal faces (Figure 3-6). 

EDS data confirms that these crystals contain Fe as a primary elemental component. 

X-ray diffraction 

X-ray diffraction confirms that siderite is present at numerous horizons in core OL991K (Figure 

3-7). The siderite to quartz x-ray diffraction primary peak ratio (SQR) was computed at each 

interval to gain a semi-quantitative insight into changes in siderite abundance though the core. 

The SQR ranges from 0.16 to 2.4, and averages 0.70 with a standard deviation of0.50 (n=67, 

Figure 3-8). SQR values are relatively high from core depths of 350-450 cm, 550-650 cm, and at 

the base of the core. Depth ranges of high SQR are characterized by a fairly abrupt increase in 

concentration followed by a gradual decline to background values. Employing the age model for 

the core the depth ranges of high SQR correspond to about 2500-3500, 4800-5800, and >6500 cal 

yr BP. 

A small amount of the variance in the SQR may be explained by changes in the flux of 

detrital flux to the sediment. However, the larger fluctuations in the ratio are less prone to this 

effect, particularly in portions of the core with a high component of authigenic siderite. In 

general, XRD is unable to detect sediment minerals in abundances of less than 5 % (Walter Dean, 

personal communication). 

Elemental data 

Plots of selected elements and their down core abundances from ICP-MS data are shown in 

Figure 3-8. Mn abundance fluctuates more dramatically than any other element, with abundances 

ranging an order of magnitude from 3,200to 33,000 ppm, and averaging 15,000 ppm with a 

standard deviation of 9200 ppm (n=30). Fluctuations of up to 20,000 ppm occur on decadal 

scales in the lower portions of the core. Peaks in Mn abundance occur between 3100-3300 cal yr 

BP, 5300-5700 cal yr BP, and at the base of the core. Peaks range in duration from 400 to 1000 

years, and lead SQR peaks. 

Sediment abundance profiles of Na and Al are nearly identical in structure (Figure 3-8). 

Al abundance ranges from 0.35 to 2.2% with an average of 0.92% and a standard deviation of 
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0.43% (n = 30). Higher-frequency variability similar to that described in the Mn profile is 

apparent in Al data in lower portions of the core, but peaks in Na and Al values are out-of-phase 

with respect to Mn, with high Mn values corresponding with low values in Na and Al, though the 

lag times are inconsistent. At approximately 6220 cal yr BP Al, Na, and Mn are all in phase 

reporting high values. After this horizon peaks in Al and sodium precede peaks in Mn slightly 

though inconsistently, and periods of high Al abundance occur between 3000-3700, 5600-5900, 

and 6200-6700 cal yr BP. These peaks are centennial-scale in duration, and tend to lead periods 

of high Mn abundance by approximately 400 years. Na and Al values fall during the period of 

the second major Mn high, but peak again at approximately 3070 cal yr BP when Mn values 

return to lower values. A minor Mn peak follows this high Na and Al event, and then Mn values 

remain low for the remainder of the core. A minimum of Na and Al values occurs at 2200 cal yr 

BP, followed by monotonic rises to high values (1.3 % Al at 40 cal yr BP) through the remainder 

of the record. 

Concentrations of Fe in Otter Lake sediments are very high; in most horizons its 

concentration was above 15%, which is above the tolerance of Fe detectability in ICP-MS data. 

The lowest reported value was 7.2%. In the select horizons where Fe levels were below 15% and 

quantifiable, the ratio ofFe:Mn was calculated. The average Fe:Mn ratio (n=6) of sedimentary 

materials is 2200 with standard deviation of 550. In contrast, the average Fe:Mn ratio of the 

lithosphere is 55. The average ratio of Fe/Mn in surface waters (<10 m depth; n=6) is 4.0 with a 

standard deviation of 1.6; the average Fe/Mn ratio at depth(> 10 m depth; n=6) is 0. 7 with a 

standard deviation of 0.9. 

Similarly, the Ca:Fe ratio was calculated for the same six horizons and found to be 0.045 

with a standard deviation of0.007. In contrast, the Ca:Fe ratio of average lithospheric materials 

is 0.73. The Ca:Fe ratio in the water column averages 900 with a standard deviation of 675 

(n=12). 

Stable isotopic data 

The stable isotopic composition of carbon (o 13C VPDB) measured in siderite samples ranges from 

-24.4 to 8.5%o with an average of-5.3%0 and a standard deviation of 11.7%0 (Figure 3-9). 

Oxygen values range from-13.2 to 2.0 %0 with an average of-2.4%0 and a standard deviation of 

5.9%0. Two primary modes of isotope behavior occur in the core, and can be divided roughly 

before and after 1500 cal yr BP. Prior to 1500 cal yr BP, oxygen values are heavier and less 
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Figure 3-8. Sediment grayscale intensity, siderite to quartz XRD ratio (SQR), Mn abundance 

(ppm), Na abundance(%), Al abundance(%), Ca abundance(%), and P abundance(%) plotted 

versus sediment depth and age. 
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Figure 3-9. Carbon and oxygen stable isotope values of siderites. 
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variant, averaging 1.5 %0. Carbon averages 2.4 %0 prior to 1500 cal yr BP, fluctuating between 

higher and lower values, which correspond to zones of high and low relative siderite abundance, 

respectively. After 1500 cal yr BP both carbon and oxygen lower substantially, with average 

carbon isotope values of-21.1 %0 and average oxygen of -10. 7 %0 (Figure 3-10). 

Grayscale intensity 

Grayscale intensity generally tracks the SQR, with some small differences in structure of the 

peaks (Figure 3-8). The large-scale peaks in grayscale intensity range from 250 to 600 years in 

length. The highest magnitude events superimposed on the larger cycles are centennial- to 

decadal scale. 

Geochemical model experiments 

Table 3-2 displays molality of selected Fe species (FeT), total carbon (DIC), and total 

phosphorous (PT) in solution following equilibration with lake water chemistry data input into the 

React module of GWB. Runs A and B used elemental abundances measured from lake water and 

equilibrated in GWB, and serve as 'control' runs with no mineral species added. There are minor 

differences in Fe and CT concentrations between the epilimnion and hypolimnion chemistries, 

though siderite is undersaturated in both cases (Figure 3-11). The model reports that several 

minerals are saturated at these conditions, including hematite, goethite, dolomite, and calcite, 

though calcite was below saturation levels in model runs with hypolimnetic water. 

In runs C and D, solid siderite was added tO the model lake water and equilibrated to 

reproduce conditions at siderite saturation. As a result, an order of magnitude increase in Fe 

concentrations occurs in both surface and deep waters, with deep-water Fe concentration double 

the value of surface water, and deep-water CT values triple of surface water. In runs E and F, 

vivianite was added to the model lake water, in run E alone and in run F with siderite. Total Fe in 

solution increases two orders of magnitude in each case, with vivianite clearly requiring high Fe 

concentrations to be in equilibrium with open lake water. 
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TABLE3-2. 

Run Total Fe DIC PT 

A. Epilimnion 1.93•10"6 2.63· 10-3 

B. Hypolimnion 1.92• 10"6 2.26•10"3 

C. Epilimnion (Sid sat.) 2.12•10"5 2.58• l 0·3 

D. Hypolimnion (Sid sat.) 4.35• 10·5 6.55•10"3 

E. Hypolimnion (Viv sat.) 1.62•10"4 2.21°10-3 1.90°10·1 

F. Hypolimnion (Sid & Viv sat) 1.60•10"4 2.55•10"3 1.97• 10-7 

Table 3-2: Total iron, DIC and PT (aqueous species) in molality (molessolu1elkgs01ution) measured 

and calculated using GWB at mineral saturation. The first two rows are the empirical data 

collected from Otter Lake. The last four rows are the respective samples saturated with siderite 

and vivianite in GWB as indicated. 

Fei=[Fe2+]+[FeHC03+]+[FeC03]+[FeOW]+[iron(OH)2+]+[Fe(OH)3°]+[Fe(OH)4-]+[FeCl+]. 

DIC=[H2C03]+[HC03-]+[C03 2·] +[FeHC03 +]+[FeC03 °]. 

Pi=[HP042-]+[FeHP04 °]+[FeH2P04 +]. 
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DISCUSSION 

Siderite formation 

Siderite does not accumulate in the modern sediments of Otter Lake, nor does it appear to have 

done so in significant quantities since 1500 cal yr BP. While observed levels of alkalinity were 

sufficient for siderite formation according to model results, these experiments also suggest at least 

an order of magnitude more Fe is needed in order for siderite to precipitate either in the bottom or 

surface waters of Otter Lake (Table 3-2). Two mechanisms to increase water-column Iron to 

the levels required for siderite precipitation will be discussed: I) an increase in the supply of iron 

to the lake, and 2) and increase in the potential to retain iron in the water column. 

Iron supply 

Iron-rich springs have been observed in watersheds of small glacial lakes in Minnesota, and wells 

in this region have been found to contain iron concentrations as high as 14000 µg·L-1 (Dean et al. 

2003). These lakes were characterized in terms of hydrology, limnology, geology, and sediment 

geochemistry by Dean and Schwalb (2002). One lake (Shingobee) was found to have excess iron 

in the sediments, i.e. iron above the levels of average upper continental crust (UCC), with the 

excess attributed to increase in supply from iron-rich springs located in littoral zones and 

inflowing streams coupled with higher levels of productivity that invigorate redox-driven 

transport of iron and Mn to suboxic bottom waters and sediments (Dean 1999). No authigenic 

iron minerals were observed in the sediments of Shingobee Lake, but it has been suggested that 

they are stored in the sediments as X-ray amorphous iron oxy-hydroxides. In contrast, Williams 

Lake, with no excess iron in its sediments, was higher in elevation, closed basin, lower 

productivity, and contains no iron-rich springs in its watershed. 

The iron cycle of nearby Elk Lake, MN has been well characterized through detailed 

monitoring of lake water chemistry and sediment trap analysis (Nuhfer et al. 1993, Dean et al. 

2003). There iron remains below detection following the spring overturn, then levels increase 

through the summer as the hypolimnion becomes anoxic. Hypolimnetic iron concentration 

decreases with increasing distance from the sediments, suggesting that iron is remobilized from 

the sediments upon establishment of suboxic bottom waters and reducing conditions (Megard et 

al. 1993). At fall overturn, iron precipitates as amorphous oxy-hydroxides. Iron-Mn phosphate 

minerals and Mn carbonates have been identified by XRD from Elk Lake sediment traps (Nuhfer 
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et al. 1993). The lake has no inflows, and iron-rich springs found in the lake are suggested as the 

dominant source of iron. 

Otter Lake is situated at the end of a small chain of lakes and wetlands, with inlet and 

outlet streams. Although a systematic survey was not undertaken, no iron rich springs were noted 

during two trips to recover sediment cores. If iron-rich springs were present and fluctuated in 

discharge, this may influence the supply of iron to the lake, and would suggest periods of 

significantly higher discharge in the late Holocene. 

In absence of evidence for iron rich springs in Otter Lake, the primary source of iron to 

the surface waters is the inflow stream, which drains a chain of small ponds surrounded by 

wetlands, areas typified by low redox potential and high DOC concentrations (Wetzel 2001). 

Potential impacts of paleoclimate on regulating this iron source are discussed below. 

Iron retention and lake circulation 

Though changes in iron supply may contribute to the increase in dissolved iron required for 

siderite precipitation in Otter Lake, changes in the capacity of portions of the water column to 

retain iron may also serve as a mechanism to induce siderite saturation. 

As Elk Lake exemplifies, iron may be stored in the form of precipitated iron oxy-

hydroxides in portions of the lake bottom that are dominantly oxic. Oxy-hydroxies residing on 

deep portions of the lake floor may be reduced and iron remobilized as suboxic conditions return 

in summer months. During periods of low productivity, the amount of iron remobilized by this 

process would be lower than in seasons where productivity is higher, when greater rates of 

organic matter oxidation increase the volume of the hypolimnion due to increased consumption of 

oxygen in bottom waters. A decline in iron concentrations in the upper portions of the Otter Lake 

water column may be due to precipitation of such compounds on the lake slopes. 

Small, deep lakes commonly mix incompletely during spring and fall overturn, leaving an 

unmixed residual layer (monimolimnion) that is enriched in solutes. This concentration gradient 

can induce water column stability that may inhibit complete mixing seasonally or permanently, a 

condition known as meromixis. Temporary meromixis was observed to occur every third year in 

small (4.9 Ha) deep (12.6 m) Lawrence Lake, MI (Wetzel 2001), and iron concentrations in 

Shingobee Lake were observed to remain high year round in some instances, indicating 

incomplete mixing (Dean et al. 2003). Iron is often a principal driver of concentration stability 

(Kjensmo 1968, Anthony 1977, Campbell and Torgesen 1980), particularly in systems with high 
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dissolved organic carbon (DOC) and low redox potential (Wetzel 2001). Once established, 

meromixis may be self sustaining, as iron oxides precipitated at the boundary between the portion 

of the water column that mixes (mixolimnion) and the monimolimnion will subsequently sink 

back into the sediments below the monimolimnion and become reduced (Campbell and Torgesen 

1980). Iron concentrations in the monimolimnion may increase several orders of magnitude 

above levels seen in hypolimnetic waters (Anthony 1977, Kjensmo 1970). 

An iron concentration as high as 20 mg-L-1 (approximately 360 µM·L-1, or 410 times the 

average Otter Lake iron concentration of 0.88 µM·L-1
) has been reported from the 

monimolimnion of a temperate meromictic lake (Wetzel 2001, after Kjensmo 1970). If a 

monimolimnion in Otter Lake with a volume of 27,000.m3 (approximated as the volume of a 

right-circular cone of radius 45 and height of 17 m minus the volume of a right-circular cone of 

radius 30 m and a height of 10 m) had a concentration of iron equal to the highest iron 

concentration reported from a meromictic lake (360 uM·L-1
) it would contain approximately 9500 

moles of iron. An accumulation rate for iron in Otter Lake assuming a sediment abundance of 

15%, a sedimentation rate of 0.09 cm·yr·1, and a dry bulk density of 0.15 g·cm·3, results in a rate 

of 20 g·m·2·yr"1
, which is nearly identical to an iron accumulation rate reported for Shingobee 

Lake by Dean and Schwalb (2002). This rate delivers approximately 2300 moles of iron to a 

monimolimnion with radius of 45 m. Assuming a loss of iron through the base of the 

monimolimnion with a radius of 30 m at an equal accumulation rate (approx 1000 moles of iron 

lost per year), it would take approximately seven years to accumulate a monimolimnion with an 

iron concentration of360 uM·L-1
. Approximately 2500 moles of iron would be deposited in 

sediments containing 80% siderite (i.e. iron accumulation rate of 50 g·m-2·yr"1
) from the bottom of 

a monimolimnion with a radius of 3 0 m, which would deplete such a monimolimnion in 

approximately 4 years. 

An order of magnitude increase in bottom water iron concentration was required in GWB 

models to saturate the system with siderite. The maximum bottom water iron concentration 

measured from a meromictic lake is about two-and-a-half orders of magnitude higher than the 

average Otter Lake iron concentration, a condition which would satisfy the minimum requirement 

for siderite supersaturation based on this result. 

The kinetics of siderite precipitation are poorly known based on a few experimental 

geochemical studies, but it is clear that siderite precipitation occurs at a much slower rate than 

calcite precipitation (Jimenez-Lopez and Romanek 2004). Jimenez-Lopez and Romanek (2004) 

state that the "saturation state of solution must be three orders of magnitude higher with respect to 
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siderite compared to calcite for them to grow at comparable precipitation rates". The kinetic 

considerations are further confounded by the fact that experiments are usually conducted circum 

room temperature (17-25° C), while Otter Lake siderites likely precipitated at about 4° C. Thus 

iron concentrations in the monimolimnion may need to be greater than an order of magnitude 

above average lake concentrations for significant amounts of siderite to precipitate. 

Otter Lake is a small lake that is very deep for its size in a watershed containing a large 

proportion of wetlands. These factors made Otter Lake susceptible to meromixis, particularly 

earlier in the Holocene when the basin was several meters deeper relative to the present. Siderite 

saturation in Otter Lake waters requires at least an order of magnitude increase in iron 

concentrations over those observed in the modern and a likely mechanism to achieve this increase 

iron in the bottom waters are meromictic conditions. Changes in iron supply may play a role in 

the onset and termination of meromixis. Lesser amounts of siderite may be precipitated in a non-

meromictic lake during highly productive years as an expanded hypolimnion reduces iron oxy-

hydroxides stored on slopes. 

Stable isotopes 

Further insight into the dynamics of siderite precipitation can be gained from interpretation of 

siderite carbon and oxygen stable isotopic composition. In sediments older than 1500 cal yr BP 

where siderite is most abundant, the stable isotopic composition of carbon generally co-varies 

with siderite abundance, i.e. where siderite abundance is highest, carbon isotope values are also 

most enriched; where siderite levels are lower, carbon isotope values are also depleted (Figure 3-

12). After 1500 cal yr BP carbon isotopic values of siderites drop significantly, reaching values 

near -25%0 VPDB. 

Enriched carbon isotopes may indicate that siderite is precipitating from a DIC pool 

evolved from the byproducts of methanogenesis, which strongly fractionates 12C into methane 

and leaves a residual DIC of +5 to + 7%o (Whiticar et al. 1986, Moore et al. 1992). This supports 

the hypothesis that siderite precipitation is occurring in a monimolimnion isolated from surface 

waters and absorbing a significant proportion of its DIC from methanogenesis occurring in the 

sediments below. As the monimolimnion is reduced in size and siderite precipitation slows, a 

larger influence of DIC from hypolimnetic waters would lower the carbon isotope values of 

siderite. The most depleted siderite isotope values are consistent with those of siderites 

precipitated in cultures of iron-reducing bacteria (Mortimer and Coleman 1997). 
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Anaerobic lake sediment pore water iron concentrations may also reach as high as 20 mg·L-1 

(Emerson 1976). The same study reported that these sediment pore waters were supersaturated 

with respect to siderite but no trace of the mineral could be found. The observation of iron-rich 

sediment pore waters coupled with the enriched carbon isotope values observed in Otter Lake 

siderite may be suggestive of siderite precipitation by diagenetic process as opposed to an 

endogenic (water column) process. A major difficulty with this mechanism is the occurance of 

siderite in discrete seasonal layers in the sediment, which correspond with summer deposition in 

the lake (Chapter 1 ). This suggests that changes in lake chemistry in response to the seasonal 

cycle drive siderite precipitation events. Diagenetic formation of siderite implies isolation from 

these seasonal changes. This in direct conflict with the sedimentary evidence, and hence an 

unlikely scenario for siderite formation in this case. 

Lesser amounts of siderite occurring in isolated layers may not require meromictic 

conditions, but result from reduction of iron oxy-hydroxides stored on sediment slopes and 

consumed by an expanded hypolimnion brought on by increased rates of productivity and organic 

matter oxidation. These siderites may precipitate in the hypolimnetic water column or at the 

sediment-water interface, and may be responsible for siderites with carbon isotope compositions 

slightly below 0%o. 

The most depleted carbon isotope values occur in portions of the core with little to no 

XRD detectable siderite. Trace amounts of siderite may occur in these horizons and their isotopic 

composition suggests an influence of iron reducing bacteria. Studies of siderites precipitated in 

culture by such organisms report a similar range of carbon isotope values (Mortimer and Coleman 

1997). Most Otter Lake siderite isotope values are significantly out of the range reported for 

microbially precipitated siderites by Mortimer and Coleman (1997). This fact coupled with the 

markedly different crystal morphologies and sizes, and lower temperatures for precipitation, 

suggest that siderites found horizons of high abundance in the Otter Lake core precipitated 

inorganically (Moore et al. 1992). 

An alternate explanation for the enriched carbon isotopic composition of siderites in the 

Otter Lake core may be increased lake productivity. In cases of extreme cultural eutrophication 

and increased lake productivity, algal consumption of carbon favors uptake of the lighter isotope. 

As this carbon is buried and productivity continues, the residual DIC of the system becomes 

progressively enriched in 13C (McKenzie 1989). A similar process may have occurred in the past 

of Otter Lake, with increases in productivity enriching DIC, and also facilitating its export to the 

119 



bottom waters and thereby facilitating siderite precipitation. Examination of the stable isotopic 

composition of sedimentary organic matter would be able to differentiate between the two 

hypotheses for siderite precipitation. 

A third mechanism for enriching DIC of hypolimnetic waters is through dissolution of 

calcite (Bahrig 1988). Calcite precipitated from surface waters incorporates DIC that has been 

fractionated by photosynthetic uptake, leaving a residual DIC pool that is more enriched. This 

calcite then sinks into the bottom waters of the lake where it is dissolved, releasing the enriched 
13C into the hypo limn ion while also increasing the alkalinity of the bottom waters. 

Oxygen isotopic composition of Otter Lake siderite generally co-varies with the 

composition of carbon isotopes. Mortimer and Coleman (1997) suggest that bacterial processes 

deplete the stable isotopic composition of siderites out of equilibrium with temperature fraction 

effects. This process likely explains the light isotopic composition of siderites measured in 

sediments younger than 1500 cal yr BP. In older sediments, the stable isotopic composition of 

oxygen is heavier, and may reflect temperature or kinetic effects of inorganic precipitation. 

Mozely and Wersin (1992) used oxygen stable isotopic composition of siderite concretions to 

estimate paleo temperatures. Siderites precipitated from a monimolimnetic setting in Otter Lake 

likely precipitated out of an environment of stable 4 deg C temperatures, and the slight variations 

in oxygen isotopic composition suggests that conditions other than temperature affect the oxygen 

isotopic composition of these samples. 

Duration of meromixis 

Estimates of the amount of time required to build up monimolimnion solute levels to the point of 

major siderite precipitation may be inferred by comparison of sedimentary Mn abundance and 

siderite abundance. Mn, which is more readily mobilized under reducing conditions (Engstrom 

and Wright 1984) shows a remarkably similar pattern of accumulation in the sediments to that of 

siderite, and fluctuates in concentration by an order of magnitude. But siderite and Mn 

fluctuations differ slightly with respect to their timing (Figure 3-13). In the two full cycles of 

abundant siderite preserved in the Otter Lake core, the rise in sediment Mn abundance occurs 

prior to the rise in siderite abundance by about 400-450 years, and may suggest that meromixis 

may persist for several centuries before major siderite precipitation events begin to take place. 

The major peaks in Mn lead the major peaks in siderite abundance by an average of 320 

years (n=3). Secondary peaks in Mn abundance generally lead secondary peaks in siderite 

120 



2.5 

2.0 

1.5 
SQR,AI (%) 

1.0 

0.5 

0 

--SQR 
- - - - - Mn (ppm) 
- - -Al(%) 

- ¥ • 

4000 4500 5000 

A 
I\ 
I \ 

,", I \ /\ 
I ', ,[ .. \ 1\ I \ 

,.\If\ /I I 

' I I \ I I 

/ \ I 
, \ I ,• .· \ ., 

5500 6000 6500 

Figure 3-13. Plots of SQR, Mn (ppm), and Al(%) versus sediment age. 

121 

40000 
35000 
30000 
25000 
20000 
15000 
10000 
5000 

0 

Mn (ppm) 



abundance by a lesser and inconsistent amount, which may indicate replenishing of 

monimolimnion solutes after periods ofreduced supply. These data suggest that the dynamics of 

Mn deposition are driven by a similar process than iron, but lead major pulses in iron deposition, 

possibly due to the increased sensitivity of Mn to changes in redox conditions. The lags between 

major pulses in sediment siderite abundance and fluctuations in sediment manganese abundance 

are explainable via the slow kinetics of siderite precipitation and the relative rates of supply and 

removal of iron from an isolated monimolimnion. 

Paleoclimatic considerations 

Changes in paleohydrology of the Otter Lake system have the potential to disrupt the iron supply 

to the lake and starve the monimolimnion of iron. Otter Lake is the last in a chain of a series of 

small lakes that contain a significant proportion of wetlands. A reduction in precipitation that led 

to lower lake levels would potentially isolate the lakes in this chain, separate Otter Lake into two 

smaller sub basins, and drastically reduce the iron supply to the lake. 

A high-resolution record of Holocene climate in southern Michigan is presented in 

chapter two of this thesis. The calcium carbonate-rich sediments of Derby Lake, located 

approximately 125 km west of Otter Lake, are sensitive to changes in temperature, and record a 

series of significant warm events through the Holocene. Major warm events as reflected by 

decreases in calcium carbonate abundance in Derby Lake cores occur at 6500, 5100, 4030, and 

3700 cal yr BP. A period with a high frequency of warm events begins at 2700 cal yr BP. In the 

case of each period of high siderite abundance in Otter Lake, a significant warm event is recorded 

in the sediments of Derby Lake as siderite abundances begin to wane. These events also roughly 

but consistently correlate with periods of low Mn abundance in Otter Lake sediments. This 

suggests that iron supply may be reduced by reductions in inlet flow to Otter Lake during dry 

periods, and that the iron remaining in the monimolimnion is consumed by siderite precipitation 

to the point where meromixis eventually breaks down. 

The timing of these changes may be difficult to determine on the basis of a siderite proxy 

alone, as meromictic conditions would serve to buffer siderite precipitation from direct changes in 

paleohydrology, and lags in elemental data suggest that these buffers may persist for several 

decades to centuries following direct changes in iron supply. Further, the threshold suggested for 

siderite precipitation by computer experiments should be considered minimum thresholds of iron 

concentration required for precipitation. Pore water studies suggest that siderite supersaturation 

122 



is common (Emerson 1976, Potsma 1981 ), suggesting that extremely high concentrations in 

monimolimnetic waters would be required to precipitate siderite at the abundances observed. 

Further, the kinetics of siderite precipitation are slow (Potsma 1981, Wersin 1990), and may 

partly explain the Jag effects observed. 

Microbial effects on element redox 

Sedimentary elemental composition may be strongly influenced by the sequence of inorganic 

substrates used in microbial respiration (Schlesinger 1997). Reduction ofMn4
+ yields a relatively 

low free energy ofreaction, over double that ofreduction of Fe3+. If microbial activity mediates 

reduction of Mn and iron in the Otter Lake system, high levels of sedimentary Mn may reflect 

periods of high Mn reduction. Following consumption of Mn, iron reduction is the next most 

advantageous reaction for microbial metabolism. If these processes are largely responsible for 

the offsets in the timing of elemental abundances in the sediments of Otter Lake, it would suggest 

that the reservoirs of Mn and iron for microbial reduction are large, and that microbial 

consumption of these elements may take hundreds of years. It would also suggest that a strictly 

internal biogeochemical mechanism may produce cyclic signals in sedimentary sequences. 

Further study is required to address these issues rigorously. 

Sequence of events 

The following is a summary of the sequence of events hypothesized to occur during periods of 

major siderite deposition in Otter Lake (Figure 3-14): 

1. Meromixis begins as a residual layer of iron- and Mn-enriched bottom waters are incompletely 

mixed with the whole Jake, and induce concentration stability of the water column. Siderite 

saturation levels are reached when iron concentrations increase an order of magnitude over 

hypolimnetic values, which may occur in one season. To build the amount of iron required for 

major siderite precipitation events may take more than a year given the slow kinetics of 

precipitation. Increases in iron supply from the watershed are also required to maintain siderite 

precipitation at significant levels. 

2. Siderite precipitation is seasonally focused into highly productive months as organic matter 

produced in the surface waters by photosynthesis settles into the hypolimnion where it is reduced, 
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increasing the level of DIC and enabling high rates of siderite precipitation. Siderites precipitated 

with DIC primarily originating from hypolimnion will have 813C values, generally slightly 

negative, than siderites precipitated from a DIC pool dominated by methanogenic sources. In 

contrast, as the monimolimnion increases in size it is further isolated from the hypolimnion, and 

DIC contributions from the sediments become more important. This C02, derived from acetate 

fermentation and methanogenesis, has a positive 813C composition and produces isotopically 

heavy siderite. Isotopically depleted siderites occur from low-abundance precipitation by iron-

reducing bacteria. 

3. Iron supply to the main basin of Otter Lake is reduced during periods of dry climate as water 

levels lower and the chain of small ponds that feeds the inlet of Otter Lake become closed basins 

and Otter Lake is separated into sub-basins. The iron supply of the monimolimnion is depleted 

through continued siderite precipitation and sediment burial. Eventually the lake mixes 

completely and siderite precipitation is reduced to a small microbial background or ceases 

completely. The two complete cycles with high siderite abundance in the Otter Lake core last 

approximately 1190, and 960 years. Intervening periods of low siderite abundance last 

approximately 570 and I 090 years. 

4. As the Otter Lake basin has continued to fill with sediments the conditions for meromixis have 

become more difficult to establish. Further, siderite precipitation in the last 1500 years has been 

further inhibited by a drier regional climate, which has reduced the iron supply to the lake. 
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Figure 3-14 A. Cross-section of Otter Lake. A. Modern lake. Surface inflow provides source of 

elevated DOC, iron, and Mn. Iron and Mn increase in anoxic bottom waters. Iron levels are 

reduced mid-water column by precipitation of FeO(OH). These precipitates are stored seasonally 

to annually, depending oxygen levels in hypolimnion. Marl accumulates on shallow slopes of 

lake but is dissolved in bottom waters, elevating DIC levels there. No siderite precipitates, 

though trace amounts of isotopically-depleted siderite may precipitate microbially in the 

sediments. 
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Figure 3-14 B. Cross-section of Otter Lake (continued). Increased productivity. Reduction of 

FeO(OH) stored on slopes by increased anoxia in hypolimnion. Siderite precipitates in small 

quantities from hypolimnion or in surface sediments using hypolimnion as primary DIC source. 
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Figure 3-14 C. Cross-section of Otter Lake (continued). Deeper basin in mid-Holocene supports 

meromictic conditions. Monimolimnion accumulates high concentrations of iron. Siderite 

supersaturation is exceeded and siderite precipitates. Source of DIC includes significant 

component of C02 byproduct from acetate fermentation. Seasonal precipitation is regulated by 

DIC export from surface to bottom waters and OM burial from surface, which provides substrate 

for acetate fermentation. These processes occur at the highest rates during summer leading to 

elevated levels of siderite precipitation. 
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Figure 3-14 D. Cross-section of Otter Lake (continued). Inflow and iron supply reduced or 

stopped by lower water table. Solute pool in monimolimnion reduced from continued iron burial 

by siderite precipitation. Eventually density gradient reduces to the point where lake can again 

mix completely. 

131 



-w 
N 

Effect of climatic change (e.g. drought) 

A Inflow Stops Lower Lake Level 

Lake sub-basins become closed and isolat: 

eC03 

! ! ! 
Acetate Fermentation d13Crnc -+15%o 

A' 

10 

20 
Depth (m) 

30 

40 



WORKS CITED 

Anthony, RS., 1977. Iron-rich rhythmically laminated sediments in Lake of the Clouds, 
northeastern Minnesota. Limnology and Oceanography 22(1): 45-54. 

Bahrig, B., 1988. Palaeo-environment information from deep water siderite (Lake ofLaach, 
West Germany). In: A.J. Fleet, K. Kelts, and M.R. Talbot (eds.), Lacustrine Petroleum Source 
Rocks. Geological Society Special Publication No. 40 (Blackwell, Oxford), p.153-158. 

Berner, R.A., 1981. A new geochemical classification of sedimentary environments. Journal of 
Sedimentary Petrology 51 (2): 359-366. 

Bethke, C.M., 1996, Geochemical Reaction Modeling, Concepts and Applications. Oxford 
University Press, New York, 397 pp. 

Bradbury, J.P. and Dean, W.E., eds., 1993. Elk Lake, Minnesota: Evidence for Rapid Climate 
Change in the North-Central United States. Geological Society of America Special Paper 276, 
336 p. 

Briggs, P.H., 2002, The determination of forth elements in geological and botanical samples by 
inductively coupled plasma-atomic emission spectrometry. In: J.E. Taggart (ed.), Analytical 
methods for chemical analyses of geologic and other materials. U.S. Geological Survey Open-
File Report 02-223, p. Gl-20. 

Brown, T.A., Nelson, D.E., Mathews, RW., Vogel, J.S., and Southon, J.R, 1989. Radiocarbon 
dating of pollen by accelerator mass spectrometry. Quaternary Research 32: 205-212. 

Campbell, P., and Torgersen, T., 1980. Maintenance of iron meromixis by iron redeposition in a 
rapidly flushed monimolimnion. Canadian Journal of Fisheries and Aquatic Science 37: 1303-
1313. 

Dean, W.E., 1999. The carbon cycle and biogeochemical dynamics in lake sediments. Journal of 
Paleolimnology 21: 375-393. 

Dean, W.E., and Fouch, T.D., 1983. Lacustrine. In: P.A. Scholle, D.G. Bebout, and C.H. Moore 
(eds.), Carbonate Depositional Environments. AAPG Memoir 33, Tulsa, Oklahoma, p. 97-130. 

Dean, W.E., Forester, RM., and Bradbury, J.P., 2002. Early Holocene change in atmospheric 
circulation in the Northern Great Plains: and upstream view of the 8.2 ka cold event. Quaternary 
Science Reviews 21: 1763-1775. 

Dean, W.E., Neff, B.P., Rosenberry, D.O., Winter, T.C., and Parkhurst, R, 2003. The 
significance of ground water to the accumulation of iron and manganese in the sediments of two 
hydrologically distinct lakes in North-Central Minnesota: a geological perspective. Ground 
Water 41(7): 951-963. 

133 



Dean, W.E., and Schwalb, A., 2002. The lacustrine carbon cycle as illuminated by the waters and 
sediments of two hydrologically distinct headwater lakes in north-central Minnesota, USA. 
Journal of Sedimentary Research 72: 416-431. 

Emerson, S., 1976. Early diagenesis in anaerobic lake sediments: chemical equilibria in 
interstitial waters. Geochimica et Cosmochimica Acta 40: 925-934. 

Engstrom, D.R., and Wright, H.E., Jr., 1984. Chemical stratigraphy of lake sediments as a record 
of environmental change. In: E.Y. Haworth, and J.W.G. Lund (eds.), Lake Sediments and 
Environmental History. Minneapolis, University of Minnesota Press, p. 11-67. 

Farrand, W.R., and Bell, D.L. 1982. Quaternary Geology of Southern Michigan (map). 
Michigan Geological Survey, Lansing, Michigan. 

Jimenez-Lopez, C., and Romanek, C.S., 2004. Precipication kinetics and carbon isotope 
partitioning of inorganic siderite at 25 degC and 1 atm. Geochimica et Cosmochimica Acta 
68(3): 557-571. 

Kelts, K.R., Briegel, U., Ghilardi, K., and Hsu, K., 1986. The limnogeology-ETH coring system. 
Schweizerische Zeitschrift fur Hydrologie 48: 104-115. 

Kjensmo, J., 1968. Iron as the primary factor rendering lakes meromictic, and related problems. 
Mitt. Internat. Verein. Limnol. 14: 83-93. 

Kjensmo, J., 1970. The redox potentials in small oligo and mero.mictic lakes. Nordic Hyrdology 
1: 56-65. 

Lamoureux, S.F., 1994. Embedding unfrozen lake sediments for thin section preparation. 
Journal of Paleolimnology 10: 141-146. 

Lotter, A.F., and Lemcke, G., 1999. Methods for preparing and counting biochemical varves. 
Boreas 28: 243-252. 

Moore, S.E., Ferrell, RE., Jr., and Aharon, P., 1992. Diagenetic siderite and other ferroan 
carbonates in a modern subsiding marsh sequence. Journal of Sedimentary Petrology 62(3): 357-
366. 

Megard, RO., Bradbury, J.P., and Dean, W.E., 1993. Climatic and Lirnnologic setting of Elk 
Lake. In : J.P. Bradbury, and W.E. Dean (eds.). Elk Lake, Minnesota: Evidence for Rapid 
Climate Change in the North-Central United States. Geological Society of America Special 
Paper 276, p. 19-36. 

McKenzie, J.A., 1985. Carbon isotopes and productivity in the lacustrine and marine 
environment. In: W. Stumm (ed.), Chemical Processes in Lakes. Wiley, New York, p. 99-118. 

Mortimer, R.J.G., and Coleman, M.L., 1997. Microbial influence on the oxygen isotopic 
composition of diagenetic siderite. Geochimica et Cosmochimica Acta 61 (8): 1705-1711. 

Mozely, P.S., and Wersin, P., 1992. Isotopic composition of siderite as an indicator of 
depositional environment. Geology 20: 817-820. 

134 



Nuhfer, E.B., Anderson, R.Y., Bradbury, J.P., and Dean, W.E., 1993. Modern sedimentation in 
Elk Lake, Clearwater County, Minnesota. In: J.P. Bradbury, and W.E. Dean (eds.). Elk Lake, 
Minnesota: Evidence for Rapid Climate Change in the North-Central United States. Geological 
Society of America Special Paper 276, p. 75-96. 

Potsuma, D., 1982. Pyrite and siderite formation on brackish and freshwater swamp sediments. 
American Journal of Science 282: 1151-1183 .. 

Michigan Department of Conservation, 1963. Otter Lake and Powder Horn Lake Survey Map. 
Lansing, Michigan. 

Russell, J., Talbot, M.R., and Haskell, B.J., 2003. Mid-Holocene climatic change in Lake 
Bosumtwi, Ghana. Quaternary Research 60: 133-141. 

Schlesinger, W.H., 1997. Biogeochemistry: An Analysis of Global Change. Academic Press, 
San Diego, California, 588 p. 

Teranes, J.L., Wittkop, C., Kelts, K.R., Guilderson, T.P., 2000. Varved lake sediment records of 
late glacial/Holocene climate change from the North American mid-continent. EOS, 
Transactions, American Geophysical Union, vol.81, no.48, Suppl., pp.23, 28 Nov 2000. 

Wersin, P., 1990. The Fe(II)-C02-H20 System in Anoxic Natural Waters: Equlibria and Surface 
Chemistry. Ph.D. Dissertation, Swiss Federal Institute of Technology (ETH), Zurich, 152 p. 

Wetzel, R.G. , 2001. Limnology: Lake and River Ecosystems. Academic Press, San Diego, 1006 
p. 

Whiticar, M.J., Faber, E., and Schoell, M., 1986. Biogenic methane formation in marine and 
freshwater environments: C02 reduction vs. acetate fermentation-isotope evidence. 
Geochimica et Cosmochimica Acta 36: 129-140. 

135 



CHAPTER 4: A HIGH-RESOLUTION GEOCHEMICAL RECORD OF LAND USE BY 

IROQUOIS AND EUROPEAN CULTURES SINCE 1200 AD: THE ANNUALLY 

LAMINATED SEDIMENTS OF CRAWFORD LAKE, SOUTHERN ONT ARIO 
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INTRODUCTION 

Analysis of the inorganic geochemical composition of lake sediments can provide much insight 

into changes in catchment erosion and lake productivity history (Mackereth 1966, Engstrom and 

Wright 1984, Boyle 2001). Such analysis has successfully reconstructed histories of human 

impacts to lake systems across the globe and over a number of timescales (Engstrom et al. 1985, 

Galliard et al. 1991, Punning et al. 1997). 

The past 1000 years of land use and environmental change in the watershed of Crawford 

Lake, Ontario, have been characterized at very high resolution via geochemical and 

paleoecological study of the lake's annually laminated sediments. The discovery of cultigen 

pollen in the pre-Columbian-aged sediments of the lake in the 1970s (Byrne and McAndrews 

1975) initiated archaeological investigations that uncovered the remains of an Iroquois village 

approximately 100 m north of the lake, with subsequent studies further detailing the 

paleoecological impacts of the Iroquois and European occupation of the watershed (Rybak and 

Dickman 1988, McAndrews and Boyko-Diakonow 1989, Clark and Royall 1995). Recent work 

with new cores and high-resolution 14C dating have revised the chronology of events and 

provided additional details on the lake ecosystem response to Iroquois and European disturbance 

(Ekdahl 2004, Ekdahl et al. 2004, Ekdahl et al. in prep). 

This unusually detailed history of North American land use affords a unique opportunity 

to examine these effects on the accumulation of calcium carbonate, organic carbon, and major 

elements in the sediments of Crawford Lake. This work will compare sediment geochemical data 

with the record of human occupation and examine the sensitivity of selected geochemical proxies 

to landscape change while highlighting differences between proxies related to the biogeochemical 

process governing their sediment accumulation, and examining the chronologic sensitivity of 

these proxies in sediments of exceptional age control. 

STUDY SITE 

Crawford Lake is a small (2.5 ha) deep (24 m) lake located approximately 1 km west of the 

Niagara escarpment in Southern Ontario at 43deg 28' N 79 deg 57' W (Figure 4-1). The lake is 

situated at an elevation of278 min a small channel cut into the Silurian dolostone bedrock, which 

was likely cut by sub-glacial meltwater, though karst processes have also been suggested as an 
137 



A. Lake Huro ,, 
Toronto 

• 
Crawford Lake 1 

- \ - -

I \ 
t 

\ 0 

\ 
Lake Erie \ 

\ 

B. N 

l 

40 BO km 

N 

i 
\ 

X =location ofcor CL01-1M 
C.I. = 3 m 

50m 

Figure 4-1. A. Location of Crawford Lake. B. Bathymetric map of Crawford Lake. Contour 

interval is 3 m. 
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origin (Boyko-Diakonow 1979). A stream enters the lake from the north and drains a watershed 

of approximately 100 ha (Ekdahl et al. 2004); an outlet stream exits the lake to the south. The 

lake is presently meromictic and the permanent anoxia of the bottom waters allows for the 

preservation of annual, millimeter-scale laminations of calcium carbonate and organic matter 

(Boyko-Diakowow 1979) 

METHODS 

A 70-cm gravity core (CLOl-lM) and several wedge-type freeze cores (Renberg 1981) 40 to 80-

cm in length were raised in June 2001. A high-precision chronology was established for the 

freeze cores by combinations of lamination counts and radiometric dating methods 210Pb and 14C 

(Ekdahl et al. 2004). Upper layers of the gravity core were disturbed by degassing as the core 

was raised to the surface, precluding the possibility for continuous varve counts from the top of 

the core. A gravity core chronology was established by correlation of major lithologic and 

geochemical transitions to those described from the freeze cores by Ekdahl et al. (2004). The top 

of the gravity core was assumed to represent approximately 1980 AD on the basis of total lead 

abundance, which records only a monotonic increase in abundance in the core, whereas most lead 

profiles worldwide decrease in the 1970s and 1980s following the decline in the use of lead as a 

gasoline additive (Figure 4-2, Rosman et al. 1993). Linear age-depth models were used between 

each set of tie points to establish age-depth relationships between correlation points in the gravity 

core sediment (Figure 4-2). 

Concentrations of gravity core total carbon (TC) and inorganic carbon (IC) were 

determined on samples collected at 2-cm intervals with a UIC coulometer, which undertakes 

coulometric titration of C02 following extraction of the gas from sediment by combustion at 950° 

C and add volatilization, respectively (Engleman et al. 1985). Percent organic carbon (OC) was 

determined by difference between TC and IC. Carbonate content was determined by multiplying 

percent inorganic carbon by 8.33. Organic matter content may be estimated by multiplying 

percent organic carbon by two (Dean 1999). The accuracy of this method is 0.10 wt% for TC 

and 0.10 wt% for IC as determined from replicate standards. 

Split samples of powdered sediment were analyzed for major, minor, and trace elements 

in a multi-acid digest by inductively coupled, argon-plasma atomic emission spectrometry (ICP-

AES; Briggs, 2002). USGS rock standards were included with the sediment samples. Precision, 
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determined by analyzing rock standards and duplicate samples, is better than 10% of the 

measured value at a concentration of 10 times the limit of detection. 

Limnologic data and water samples were gathered in July and October 1999. Dissolved 

oxygen and temperature were measured in situ using a combined probe. Water samples were 

collected using a VanDorn non-metallic sampler at surface (0 m), 2.5, 5, 10, 15, and 20 meters. 

Alkalinity and pH were determined in the field by titration and portable sensor, respectively. 

Samples were preserved for later analyses for dissolved inorganic carbon (DIC), major cations, 

and stable isotopic composition of carbon and oxygen at the University of Michigan (Teranes 

unpublished). Cations were measured using an ICP atomic emission spectrometer (ICP-AES); 

anions were measured with a Dionex 4000! ion chromatograph. Dissolved inorganic carbon 

(DIC) was measured using coulometry. 

RESULTS 

Lithostratigraphy 

The Crawford Lake gravity core was subdivided into three lithostratigraphic units based on 

changes in core texture, color, and composition (Figure 4-2): 

Unit I (56-70 cm core depth) is a finely laminated dark grayish brown calcareous 

sapropel containing common centric and benthic diatoms and trace quartzo-feldspathic silt. The 

laminations are very thin (mm- to sub-mm scale) and difficult to discern with the naked eye, and 

have a "broken" appearance suggesting bioturbation. 

Unit II (56-25cm) is a well-laminated yellowish brown calcareous sapropel with frequent 

filamentous diatoms. The carbonate is authigenic calcite, sub-euhedral rhombs, ranging in size 

from 5-30um. There is only a trace (1 %) occurrence of silt, mainly quartz. The color of the 

laminations becomes lighter up section, going from a very dark brown to a dark yellowish brown, 

but lamination size remains approximately one millimeter throughout the unit except for a very 

prominent light brown band of larger, 1. 5 mm laminations that occurs at the base of the unit from 

56 to 53.5 cm. 

Unit III (10-24cm) is also well-laminated calcareous sapropel but much darker in color 

than previous units. The laminations increase in size up the section from a maximum of 4 mm to 

I mm, with lighter layers more prominent at the top and darker layers more prominent at the 
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bottom. The first 6 cm (10-l 6cm) are disturbed, with the laminations present but no longer 

parallel to lower laminations ones. There are grayish blue layers at 18 and 19 cm. 

Crawford Lake Limnology 

Limnologic data collected in June 2001 displays the characteristics of a stratified, meromictic 

lake (Figure 4-3). Temperature, pH and dissolved oxygen decrease with depth in the water 

column as is typical for temperate lakes in the summer. Conductivity, alkalinity, and calcium 

concentrations all increase with depth, with highest values found in the lower two samples. 

These increases with depth are associated with the permanently stratified (meromictic) nature of 

Crawford Lake, as meromictic lakes tend to have high salinity bottom waters that inhibit 

complete lake mixing by creating a large density gradient (Wetzel 2001). Sulfate increases with 

depth to the middle of the water column, then decreases in the lower portions of the water column 

where it is consumed by sulfate reducing bacteria. 

Coulometry 

Percent calcium carbonate ranges from 14.9 to 60.0% with a mean of 39.3% and a standard 

deviation of 11.6%; percent organic carbon ranges from 10.0 to 26.2% with a mean of 19.9% and 

a standard deviation of 4.4% (Figure 4-4). At core depths greater than 53cm, calcium carbonate 

abundance is constant around 30 percent, and in the same interval organic carbon percent ranges 

between 21 and 25%. At 53 cm calcium carbonate abundance rises nearly 30% while organic 

carbon declines over 10%. Generally elevated levels of carbonate and intermediate levels of 

organic carbon mark the interval from 53 to 27 cm. At 25 cm carbonate levels drop to their 

lowest levels in the core while organic carbon reaches its highest levels. Carbonate levels 

gradually climb to intermediate levels over the remainder of the core while organic carbon 

decreases to generally low levels over the same interval. 

To examine the flux rates of carbonate and organic matter to Crawford Lake sediments 

mass accumulation rates (MARs) were calculated for inorganic carbon and organic carbon data 

(Figure 4-5). In addition to gaining insights into flux rates, MARs also negate dilution effects 

that are common when data are expressed as weight percentages. The mass accumulation rate for 

sediment is calculated from the linear sedimentation rate (LSR), percent organic matter (%OM), 

sediment porosity (<I>), and sediment density (Psed): 
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Figure 4-3. Limnological data from Crawford Lake. 
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MARsed = LSR(l- <I>)* Psed, 

where 

Psed =(%OM/I 00) * 1 + ((100-%0M/100)/100) * 2.6 

and 

The mass accumulation rate of any particular sedimentary component is computed by multiplying 

MARsed by the weight percent of the component divided by 100. Although accumulation rate 

data minimize the effects of dilution they are less precise, noisier, biased by changes in 

sedimentation rate, and more difficult to interpret that weight percent data (Boyle 2001). As a 

consequence of these concerns, both abundance (weight percentage) and accumulation rate data 

will be discussed in tandem in the paragraphs that follow. 

Inorganic carbon MARs range from 0.51 to 11.12 mg cm-2 yr-1, with a mean value of 5.18 

mg cm-2 y{1 and a standard deviation of 2.7 mg cm-2 y{1
; organic carbon MARs range from 3.0 to 

16. 7 mg cm-2 y{1 with a mean value of l 0.3 mg cm-2 y{1 and a standard deviation of 4.3 mg cm-2 

y{1
• Inorganic carbon MARs climb through the lowest portions of the core to a spike at 5 lcm, 

followed by a return to intermediate values, which are followed by secondary spike at 41cm. 

Inorganic carbon MARs are lowest between 25 and 35cm, and then climb to high values through 

the upper portions of the core. Organic carbon MARs are high in the lowest portions of the core, 

peak at 55cm, then drop through a low period between 53 and 47 cm before returning to higher 

values from 45 to 39 cm. This is followed by a period of very low MARs between 25 and 37 cm. 

Organic carbon MARs return to intermediate levels at 23 cm, which continue through upper 

portions of the core. 

Major elements 

Percentage abundance of Al, K, Mg, Ca, Fe, Mn (ppm), and Pare shown in Figure 4-6. Al and K 

have nearly identical stratigraphic profiles, beginning in a period of low abundance prior to 60 cm 

core depth, followed by a two-step increase from 60-55 cm, and an initial peak at 55-51 cm. 
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Abundance declines from 49-47 cm followed by another step up to a peak at 41 cm. Low 

abundances return and persist between 35-27 cm before climbing towards the top of the core and 

including a spike at 19 cm. Mg abundance displays a generally muted increase of 0.2% with 

slightly higher abundances occurring between 57-51cm,41-37 cm, and a small spike at 19 cm. 

Calcium abundance is only reported for values below 15% abundance due to limitations in the 

ICP-MS method; hence only periods of reduced calcium abundance are plotted in Figure 4-6, and 

these occur from 65-59 cm, at 45 cm, and between 23 and 15 cm core depth. Abundance of iron 

follows a pattern similar to that seen in Al and K profiles: low abundance from 65-61 cm 

followed by and increase at 59 cm. Fe abundance returns to low values at 56 cm before climbing 

again at 53 cm. Lower values occur between 49-4 7 cm then climb to higher abundance at 41 cm. 

Low values persist from 35 to 25 cm before climbing in the upper portions in the core with a 

spike also occurring at 19 cm. Mn abundance is more subdued in profile, showing a modest 

increase in abundance from 57-55 cm to a broad period of slightly elevated values that lasts 

through 31 cm, with a slight decrease in abundance occurring between 45-47 cm. Abundance 

climbs towards the top of the core beginning at 19 cm. P abundance climbs to a peak at 57 cm 

followed by a decline at 56 cm then a return to high values by 53 cm. P values remain generally 

elevated though gradually decline to a minimum at 25 cm, then climb to a small peak at 19 cm. 

Lower values persist between 17 and 13 cm, then reach a small peak at 11 cm. 

To examine flux rates of elements to the sediments MARs of each element described 

above were calculated and plotted in Figure 4-7. In each case the effect of the MAR calculation 

is to show a drastic decrease in accumulation rates for the horizon between 35 and 25 cm core 

depth where sedimentation rates are low. Thus, the profiles of Mg, Mn, and P, show declines in 

this interval where their abundance profiles did not indicate dramatic decreases. Another 

common feature is a decrease in accumulation rates between 49 and 47 cm in all profiles. The 

accumulation rates also serve to dampen some of the variation seen in Fe and P profiles where 

decreases in abundance at 56 cm seem less significant when viewed as accumulation rates. A 

final effect of the conversion to accumulation rates can be observed in the upper portions of the 

Al and K profiles where fluctuations in accumulation rates occur at a high frequency, and P 

shows a general increases through this horizon rather than a plateau of steady values. 
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Figure 4-6. Elemental abundance for core CLOl-lM. 
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Figure 4-7. Elemental mass accumulation rates for core CLOl-lM. 
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DISCUSSION 

Summary of cultural history 

Iroquois had immigrated to southern Ontario around 900 AD as this time marks the appearance of 

their longhouses in the archaeological record (Warrick 2000, Finlayson 1998). Iroquois 

occupation in the Crawford watershed began at 1268, marked by the first occurrence of Zea 

(maize) pollen, though this initial occupation likely took the form of a small fishing camp (Ekdahl 

et al. 2004). This initial occupation grew to a village of approximately 275 persons by 1330 AD 

(Warrick 2000). The Iroquois diet consisted of game as well as a substantial component of 

maize, beans, sunflower and squash. Campbell and Campbell (1994) estimated that cultivation 

needs of the Iroquois were 0.17 ha per person per decade. For a village of 275, 46ha/decade 

would be required, and in 20 years the entire Crawford watershed would have been employed in 

cultivation (Ekdahl et al. in prep). Pollen evidence suggests the village site was abandoned 

between 1380 and 1410 AD (Ekdahl et al. 2004). This is characteristic oflroquois behavior at 

the time, as archaeological data suggest village sites were occupied on average between 20 and 50 

years. A second phase of Iroquois occupation is marked by a return of cultigen pollen to the 

sediments of Crawford Lake in the early 15th century (Ekdahl et al. 2004). Village population 

may have reached 400 persons during the second phase of village occupation (Finlayson 1998) 

consistent with a peak in Iroquois population in the region during the late 15th century. 

Populations began to decline after this point for reasons that are not clear, with disease, warfare, 

and immigration all having been suggested as the cause (Warrick 2000). Declining abundances 

of cultigen pollen suggest that the village was abandoned by 1486 AD (Ekdahl et al. 2004). 

The Crawford watershed was not again subjected to major human disturbance until the 

19th century when European settlers entered the region. Logging and farming began in the 

Crawford watershed in the 1860s, and these activities are marked by a sharp rise in ambrosia 

polien in Crawford sediments during these times (Ekdahl et al. 2004). 75% of the Crawford 

watershed was subject to forest clearance by 1870 (Ryback and Dickman 1989). The Crawford 

family began farming the watershed in the late 19th century and allowed reforestation, but built 

structures and grazed animals near the lake (Ekdahl et al. in prep). In 1969 the land was sold to a 

conservation agency and archeological investigations and construction of park facilities resulted 

in the largest disturbance to the Crawford watershed since the 19th century (Ryback and Dickman 
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TABLE 4-1. 

Cultural event 
Initial Iroquois occupation 
Iroquois village construction 
Initial abandonment of Iroquois village site 
Second phase oflroquois occupation 
Final Iroquois abandonment 
European forest clearance 

Date (yr AD) 
1268 
1330 
1380 
1410 
1486 
1870 

Gravity core depth (cm) 
59 
53 
48 
45 
37 
25 

Table 4-1. Dates for major cultural events occurring in the Crawford Lake watershed and 

corresponding depths in core CLOl-lM estimated from age models. 
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1989, Ekdahl et al. in prep). Table 4-1 summarizes major cultural events in the Crawford Lake 

watershed and provides the corresponding depth in gravity core for each horizon. 

Carbonate and organic carbon response to landscape disturbance 

The MAR of inorganic carbon (in the form of calcium carbonate) rose gradually before increasing 

sharply at 53 cm with establishment of the Iroquois village at 1330 AD (Figure 4-8). In contrast, 

organic carbon dropped substantially in MAR at the same horizon before climbing to higher 

values by the second phase of Iroquois occupation in the early 1400s. Organic matter 

accumulated slowly during the waning phases of the first Iroquois occupation and in the decades 

before reoccupation. 

The increases in carbonate and organic carbon accumulation at these times have been 

attributed to increased phytoplankton productivity stimulated by increased nutrient input from 

Iroquois occupation in the watershed (Ekdahl et al. 2004), a hypothesis supported by 

reorganization of the diatom community of Crawford Lake from oligotrophic to eutrophic 

assemblages with the onset of Iroquois occupation (Ekdahl et al. in prep). 

Carbonate abundance remains at elevated levels throughout the post-Iroquois horizon 

while accumulation rates decline significantly. Accumulation rates increase significantly 

following land clearance by Europeans in the 19th century, again the result of increased nutrient 

input to the lake by disruption of soils (Ekdahl et al. 2004), and the activity of cattle grazing on 

the Crawford farm. 

Increases in productivity may account for increases in production and deposition of both 

calcite and organic matter in Crawford Lake. Algal productivity removes C02 from surface 

waters, elevates pH, and induces calcite precipitation (Stabel 1986). Calcite production by 

photosynthesis is further favored by summer warming of surface waters, as warmer temperatures 

favor the production of calcite. In many lakes, increased productivity will promote dissolution of 

calcite in hypolimnetic waters, as organic matter created in the surface sinks and is respired, 

consuming oxygen, releasing C02, and lowering bottom water pH. Calcite dissolution is further 

favored by the decrease in water temperature with increasing depth in the hypolimnion. Dean 

(1999) has observed in several Minnesota lakes that percent calcite decreases significantly when 

sediment organic carbon rises above 12% owing to the effect of calcite dissolution. However, 

organic carbon abundance exceeds double this threshold in many horizons of the Crawford Lake 

gravity core while significant amounts of carbonate remains present in the sediment. Two factors 

155 



may explain the decoupling of the organic carbon abundance and carbonate dissolution in 

Crawford Lake: 1) increased buffering by elevated alkalinity in the water column of Crawford 

Lake, and 2) further buffering by and a greater level of carbonate supersaturation owing to the 

dolomitic bedrock which hosts the lake and watershed. 

Geochemical modeling experiments presented in Chapter 1 support these hypotheses by 

demonstrating low rates of calcite dissolution that occur in models of Crawford Lake 

hypolimnetic water, which have a greater capacity to buffer the effects of added C02• Computed 

values for the saturation index (SI) of calcite in selected lakes (positive values indicate super 

saturation; negative values indicate undersaturated conditions with respect to calcite) are shown 

in Table 4-2. The favorable environment for calcite preservation in the bottom waters of 

Crawford Lake is evidenced by the SI value for calcite in the bottom waters being higher than any 

other lake considered in this study. 

Major element response to land use 

Influx and abundance of Al and K increase with each major phase of human activity in the 

Crawford watershed, suggesting accelerated rates of erosion from catchment soils (Engstrom and 

Wright 1984, Figure 4-8). Table 4-3 displays correlation coefficients between abundance values 

of several combinations of sedimentary components; Al and K show very strong correlation, as 

both are related to the same process of erosion influx from landscape disturbance. These data are 

consistent with known patterns of Iroquois land use, which included village construction and crop 

cultivation. Each of the two major occupations of the Crawford Lake village is resolvable in these 

erosion indicators, with an intervening decrease in Al and K abundance occurring during the few 

decades that the village was abandoned. In addition to Al and K, several other elements respond 

in a similar fashion to the increase in erosion, including Na, Sc, Ti, V, Cr, Y, Zr, Ba, La, and Li. 

Sediment abundance of Fe is controlled both by factors of supply and changes in 

oxidation conditions (Engstrom and Wright 1984). Abundance and accumulation profiles of Fe 

are very similar in structure to Al and K, suggesting that iron abundance in the Crawford system 

is primarily controlled by supply and less affected by changes in oxidizing conditions (Figures 4-

6 and 4-7). Meromixis in Crawford Lake is thought to have been established following Iroquois 

occupation as evidenced by the beginning of varve preservation at this horizon (Ekdahl et al. 
... 

2004). Mn, which is more sensitive to changes in redox conditions, displays a more muted 

pattern of abundance, suggesting that red ox processes may contribute more to the patterns of Mn 
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TABLE4-2 

Sample 
Shingobee 0 m 
Williams 0 m 
Derby 0 m 
Derby 20 m 
Otter 0 m 
Otter 20 m 
Crawford 0 m 
Crawford 20 m 

Calcite SI 
0.444 
-0.287 
0.317 
0.115 
0.401 
-0.091 
1.12 

0.161 

Table 4-2. Calcite saturation index computed for surface (Om) and bottom water (20m) of 

selected lakes. 
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TABLE 4-3 

Element pair r2 relationship 
Al,K 0.97 + 
Al, Fe 0.81 + 
Al, Mn 0.21 + 
Fe, Mn 0.19 + 
Al,P 0.09 + 
Fe,P 0.03 + 
Mn,P 0.02 + 
Corg, P 0.20 
CaC03, P 0.12 + 
CaC03, Corg 0.14 

Table 4-3. Correlation coefficients between abundances of sedimentary components in core 

CLOl-lM. 
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Figure 4-8. Summary of geochemical proxies in core CLOl-lM compared with cultural history 

summarized from Ekdahl et al. (2004). 
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abundance than Fe following the onset of meromictic conditions. Sediment P abundance remains 

elevated throughout post Iroquois horizon, suggesting increased burial and less recycling under 

meromictic conditions (Figure 4-6). Phosphorous levels may be controlled by changes in supply, 

redox, and association with other elements (Engstrom and Wright 1984). In cases of extreme 

phosphorous loading, P may cease to become a limiting nutrient and an excess may accumulate in 

the sediment (Brezonik and Engstrom 1998). 

When viewed as accumulation rates, both manganese and phosphorous decrease 

significantly in the post Iroquois zone, suggesting that supply was reduced but meromictic 

conditions were able to keep these elements sequestered in the sediments to maintain steady 

levels of abundance (Figures 4-7 and 4-5). P abundance in Crawford Lake sediments correlates 

more with organic matter abundance, albeit weakly, than with any other component (Table 4-3). 

This suggests that phosphorous abundance in Crawford Lake sediments is linked to some extent 

with organic matter cycling. 

Reducing conditions are thought to facilitate remobilization and release of P from 

sediments (Engstrom and Wright 1984), yet P accumulation increased as Crawford Lake became 

permanently stratified at the onset of Iroquois occupation. This is complicated by the negative 

correlation between phosphorous and organic carbon abundance (Table 4-3). Increased organic 

carbon abundance may be associated with higher productivity and more reducing conditions, 

perhaps partially remobilizing phosphorous during periods of enhanced organic carbon burial. 

This effect may be compounded by sorption of phosphorous by calcium carbonate and iron oxy-

hydroxides (Wetzel 2001), which may account for much of the inverse relationship between 

phosphorous and organic carbon as organic carbon generally decreases with increasing CaC03 

deposition, and P remains elevated throughout the zone of elevated carbonate abundance 

preceding the European settlement horizon (Figure 4-3 and 4-5). A significant proportion of P 

deposition in the Crawford system appears tied to the dynamics of organic matter and carbonate 

deposition, with changes in water column oxidation conditions and association with Fe (e.g. 

Engstrom and Wright 1984) regulated to a minor role. 

In Crawford Lake, an independent estimate of water-column phosphorus reconstructed 

from diatom community data (Diatom inferred total phosphorous-DI-TP, Ekdahl et al. in prep) 

strongly resembles the sediment P abundance, as both remain high in the post-Iroquois zone 

despite an apparent reduction in the accumulation rate (Ekdahl et al. in prep). That both sediment 

phosphorous and DI-TP remain. high during the post-Iroquois zone despite clear 

reductions in allochthonous inputs is a difficult paradox. One possible explanation is sediment 
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release of excess phosphorous under reducing conditions and allows for continued productivity 

even when external nutrient inputs are reduced-a process observed in many highly impacted 

lakes (Jeppesen et al. 2003). The meromictic conditions of Crawford Lake make stimulation of 

productivity by this mechanism unlikely, as once nutrients pass below the chemocline they are 

not likely to re-enter the lake system until complete mixing once again occurs (Ekdahl et al. in 

prep). Ekdahl et al. (in prep) conclude that non-linear effects in the reorganized diatom 

community may bias diatom phosphorous reconstructions in the post-Iroquois zone. 

Sediment phosphorous data are notoriously difficult to interpret. Sediment accumulation 

rarely mirrors loading trends due to the element's biological value as a nutrient and sensitivity to 

changes in oxidation (Cohen 2003). Additional study will be required to fully interpret the 

significance of sedimentary P in the sediments of Crawford Lake by examining the relative 

abundances of inorganic and organic phosphorous components in the sediments. 

Implications for lake history 

Fossil diatom assemblage studies by Ekdahl et al. (in prep) suggest that an initial community of 

oligorrophic diatoms was quickly replaced by an eutrophic assemblage tolerating higher nutrient 

conditions shortly after initial Iroquois occupation. Nutrient inputs in the initial phases of 

Iroquois occupation would have been relatively low, but were large enough to facilitate a shift in 

the diatom community assemblage. Elemental indicators of catchment erosion, Al and K, support 

this hypothesis by demonstrating that there was first a small increase in delivery of these elements 

of the sediment, followed by the first large pulse which corresponds to the first major phase of 

village building around 1330 AD (Figure 4-8). The Post-Iroquois Crawford Lake diatom 

assemblage never reverts to its pristine state despite the reduction in catchment erosion between 

phases of catchment occupation and the nearly 400 years between Iroquois and European 

catchment disturbance (Ekdahl et al. in prep). This permanent shift of the biogeochemical 

dynamics of the Crawford system is evident in the patterns of CaC03 and P abundance in the 

sediments, both of which remain at elevated levels beyond initial Iroquois disturbance (Figure 4-4 

and Figure 4-6). Continuous preservation of varves in the post-Iroquois sediments also 

demonstrates that the Crawford system did not return to initial conditions when catchment 

disturbance ceased. In terms of disturbance to the aquatic ecosystem of Crawford Lake, the 

initial impacts made by the Iroquois were the most significant (Ekdahl et at. in prep). 
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CONCLUSIONS 

1. Calcium carbonate and organic carbon abundance increase with the onset of Iroquois 

occupation resulting from enhanced lake productivity stimulated by increased nutrient input. 

Organic carbon levels increase past a threshold where calcite dissolution occurs in other lakes yet 

calcite is continuously preserved, suggesting that the Crawford Lake system is more highly 

buffered by the increase in solutes in the monimolimnion and the presence of sulfate and sulfate 

reducers. 

2. Abundances of AI and K increase with catchment disturbance at each phase of human 

disturbance and record reductions during phases of human abandonment, including a three-

decade abandonment of the Iroquois village in the late 141
h century. The remarkable sensitivity of 

these proxies is due to a combination of direct disturbance in a relatively small catchment, and the 

seasonal resolution of the Crawford Lake sediments. 

3. Abundance of iron generally tracks AI and K abundance, suggesting that changes in iron 

supply were more significant than changes in oxidation conditions on the patterns of sedimentary 

abundance. 

4. Phosphorous abundance remains at elevated levels beyond initial Iroquois impact, and is likely 

coupled with deposition of calcium carbonate and organic carbon in the Crawford Lake sediments 

rather than controlled by changes in water column oxidation state or iron abundance. 
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APPENDIX 

TABLES OF DATASETS DISCUSSED IN THESIS 

Abbreviations: 

IC = Inorganic Carbon 
OC = Organic Carbon 
MAR= Mass Accumulation Rate in mg/cm2/yr (see Chapter 4) 
All core depths are reported in cm 
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Lake Chemistry Data: Derby Lake, Montcalm County, MI 43° 16.47N, 
85° 07.80W 
Depth (m) pH T (C) Cond. 02 DIC Ca Mg Si Fe Mn Cl S04 
7/10/1995 

mmol/ 
uS (mg/L) kg uM uM uM uM uM uM uM 

0 7.95 24.5 8.4 2.285 853.4 666.3 23.11 1.146 ND 874.0 97.98 
2.5 7.97 25.0 8.1 2.277 838.4 654.0 23.25 ND 0.091 877.3 98.47 
5 7.93 24.5 7.5 2.187 858.4 641.7 12.71 ND 0.182 883.5 97.58 
10 7.99 9.5 10.6 2.629 1023.1649.9 10.75 1.021 ND 891.4 99.74 
15 7.82 5.5 7.1 2.880 1063.0666.3 72.64 ND 0.091 892.0 95.55 
20 7.81 4.0 4.6 3.045 1135.3686.9114.291.092 1.511 892.9 98.16 

6/19/1997 
0 7.34 24 363 8.5 2.489 940.6 728.2 17.84 0.107 -0.036897.0102.80 

2.5 8.28 23.3 345 11.2 2.488 898.2 728.2 13.92 0.036 BLD 896.7 94.20 
5 8.17 9.3 350 11.7 2.524 880.7 699.4 12.64 0.072 0.073 846.8 90.17 
10 8.43 5.6 348 7.8 2.667 985.5 744.7 18.41 0.143 BLD 851.6 95.42 
20 7.96 4.6 375 1.2 2.883 1055.4761.2 80.110.2860.091933.096.17 
27 7.08 4.6 393 0.8 2.472 1140.2 806.4 95.42 0.609 9.811 946.0 97.64 

Otter Lake 
07/11/95 

Depth (m) pH T (C) Cond. 02 DIC Ca Mg Si Fe Mn Cl S04 
0 8.05 26.0 7.7 2.042 855.9 510.0 16.77 1.934 0.746 794.7 57.38 

2.5 
5 
10 
15 
20 

10/02/95 

8.15 25.0 
8.01 20.5 
7.90 7.0 
7.88 4.5 
7.86 4.0 

8.2 2.109 858.4 514.1 18.59 2.041 0.746 795.1 57.62 
8.3 2.677 923.2 510.0 7.30 2.185 0.837 795.4 53.51 
6.7 2.595 888.3 473.0 11.36 1.128 ND 795.8 60.84 
4.0 2.709 893.3 522.4 11.54 1.325 ND 796.1 58.83 
2.2 2.258 968.2 522.4 28.34 1.916 0.746 801.4 57.49 

0 8.21 16.0 1.981 965.7 493.6 16.24 0.663 0.127 764.2 58.89 
2.5 8.29 16.0 1.966 761.1 489.5 15;60 1.522 0.237 763.7 57.47 
5 7.84 16.0 2.009 758:6 485.4 15.31 0.430 0.091 764.3 55.66 
10 7.10 7.0 2.498 903.3 485.4 14.10 0.358 1.311 733.1 54.52 
15 7.26 5.0 2.565 756.1 485.4 22.36 0.806 2.366 752.9 55.42 
20 7.23 4.0 2.535 905.8 489.5 27.35 2.417 6.334 764.5 52.78 

6/16/1997 
0 8.54 25.1 278 8.4 2.147 823.4 493.7 7.41 0.466 0.000 790.4 55.10 

2.5 7.81 18.7 295 10 2.159 833.3 497.8 1.53 0.448 0.000 786.2 55.19 
5 8.29 12.7 305 9.2 2.199 863.3 530.8 7.12 0.197 BLD 902.5 54.10 
10 7.5 5.8 318 4.4 2.265 893.2 539.0 17.87 0.233 0.528 968.8 65.30 
20 7.36 4.3 331 1.4 2.335 915.7 526.6 36.67 0.197 0.400 960.5 59.80 
30 7.36 4.1 345 0.5 2.406 955.6 551.3 35.04 0.054 8.300 967.4 62.47 
35 7.41 4.1 342 0.6 2.472 980.5 592.5 52.70 0.30416.200986.0 57.35 
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Crawford Lake, June 
26 2001 

Depth 
(m) pH T (C) Cond. 02 Alk Ca Mg Si Fe Mn Cl S04 

us (mg/L)meg/kg uM uM uM uM uM uM uM 
0 8.21 25.5 528 8 5.032 1556.91431.8 17.55 0.537 0.764 496.0251.11 

2.5 8.02 22.8 544 8.5 5.095 1507.01464.7 54.48 0.018 BLD 499.4253.75 
5 7.74 15.1 606 9.8 5.614 1766.51427.7 39.52 BLD 0.473 612.5282.48 
10 7.63 8.7 723 8.1 5.734 1787.81426.0989.82 6.160 12.014637.9299.40 
15 6.4 2.2 
20 6.59 6 2290 1.6 26.63 5538.91880.3826.0311.62112.760160.4253.68 

21.64 6.42 6.3 2480 0.9 29.23 1826.31452.4 99.34 0.107 0.546 119.5264.25 

Derby Lake age depth models (core depth in cm) 
core interval (cm) age model 
<286 age (cal yr BP)= 0.0363*(core depth)"2+4.8135*(core depth)-61.143 
286-436 age (cal yr BP)= 19.494*(core depth)-1318.7 
478-530 age (cal yr BP)= 24.737*(core depth)-4493.2 
>530 age (cal yr BP)= 21.562*(core depth)-2817.9 

Derby Lake Freeze core Pb-210 
Botto Cum Age 
m Cum Dry Unsup. Error Act. base of 

Top Interv Mass Activity (+/- Below interval error 
Interval al (g/cm/\2) (ECi/cm2) s.d.) interval (yr) age DateAD 

0 2 0.0642 43.582 1.3073 10.293 7.72 1.68 1993.7 
2 3 0.0998 34.938 0.9285 9.0491 11.86 1.82 1989.6 
3 4 0.1466 28.397 0.7227 7.7201 16.96 2.03 1984.5 
4 5 0.2058 21.024 0.4634 6.4755 22.6 2.32 1978.9 
6 7 0.3767 11 .564 0.5251 4.1843 36.63 1.74 1964.8 
7 8 0.4771 8.4566 0.2432 3.3353 43.91 2.02 1957.6 
9 10 0.6577 6.8051 0.2631 2.0326 59.81 2.71 1941.7 

11 12 0.8245 4.0937 0.2084 1.246 75.53 3.02 1925.9 
12 13 0.9133 4.2209 0.197 0.8712 87.02 4.14 1914.4 
13 14 1.0405 2.8284 0.1767 0.5114 104.13 6.75 1897.3 
14 15 1.1848 1.3638 0.1694 0.3146 119.73 10.6 1881.7 
15 16 1.3278 0.7958 0.1519 0.2008 134.15 16.19 1867.3 
16 17 1.4952 0.5986 0.1586 0.1006 156.34 31.13 1845.l 

Supported Pb-210: 1.9308±0.1358 pCi/g 
Number of supported samples: 5 

Cum. Unsup. Pb-210: 13.0909 pCi/cm2 
Unsup. Pb-210 flux: 0.4336 pCi/cm2/yr 
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Derby Lake 
pinned varve 
counts 
Core Pinned 
depth varve 
(cm) count 
49 415 
61 515 
70 537 
73 565 
79 611 
87 680 
96 807 
104 886 
121 1046 
131 1173 
138 1267 
142 1324 
153 1469 
160 1542 
169 1687 
176 1783 
177 1809 
177 1821 
180 1870 
182 1900 
183 1926 
193 2053 
198 2130 
203 2212 
203 2224 
204 2236 
204 2244 
206 2266 
206 2274 
207 2289 
208 2302 
209 2314 
210 2327 
212 2342 
212 2357 
215 2390 
216 2417 
218 2432 
222 2481 
226 2494 
231 2561 
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254 2952 
265 3140 
273 3281 
273 3288 
274 3890 
275 3906 
275 3912 
276 3930 
283 4074 
284 4097 
286 4125 
287 4144 
293 4294 
302 4483 
308 4620 
314 4745 
321 4868 
324 4920 
331 5076 
337 5209 
344 5336 
349 5429 
354 5521 
359 5622 
368 5778 
371 5836 
381 5946 
385 6035 
388 6113 
390 6141 
392 6205 
395 6276 
400 6380 
402 6438 
410 6587 
412 6648 
418 6752 
420 6796 
426 6908 
433 7029 
437 7110 
458 7135 
467 7220 
484 7482 
485 7496 
487 7541 
489 7585 
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490 7608 
490 7627 
491 7670 
493 7696 
494 7724 
497 7806 
498 7835 
499 7854 
500 7882 
501 7909 
503 7951 
506 8032 
508 8059 
510 8160 
515 8304 
518 8375 
521 8455 
531 8647 

Derby Lake 
average dry bulk density (g/cmA3) 
1.6475 

Derby Lake coulometery 
age 
(cal yr %organic 
BP) %CaC03 carbon 

4 29.405 10.13 
5 16.66 14.01 
9 28.655 10.38 
IO 24.157 11.65 
14 29.155 9.82 
15 29.072 10.89 
20 38.651 8.71 
20 33.986 10.15 
25 25.74 10.16 
26 44.982 8.55 
32 47.564 8.56 
35 28.072 10.83 
45 47.814 8.92 
52 48.647 9 
55 51.563 8.89 
59 49.23 8.84 
65 48.314 9.33 
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67 48.481 9.22 
74 50.147 8.74 
75 53.145 9.1 
82 50.813 9.27 
85 51.729 10.19 
90 50.813 9.35 
95 60.726 9.88 
100 51.646 9.81 
105 60.059 10.18 
106 58.477 9.91 
112 59.31 9.54 
115 55.311 10.72 
118 57.644 10.12 
124 55.644 10.28 
125 51.479 10.8 
130 55.395 9.94 
135 49.564 10.82 
135 51.063 10.6 
141 49.647 10.82 
145 29.238 14.81 
147 51.146 10.35 
153 47.314 10.97 
155 21.491 16.14 
158 48.314 11.2 
164 40.567 12.81 
165 16.91 17.98 
170 34.07 14.17 
175 10.579 18.71 
175 22.324 17.6 
180 17.493 18.05 
185 13.745 17.66 
185 18.076 17.8 
190 21.075 16.01 
195 2.499 19.3 
195 19.242 15.47 
200 16.41 16.13 
205 14.578 17.78 
205 13.078 17.16 
220 16.244 16.67 
223 15.577 16.79 
227 14.578 17.46 
230 19.742 15.24 
234 18.659 16.14 
237 17.576 15.65 
241 18.992 15.3 
244 17.243 15 
247 18.493 16.31 
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251 20.575 16.47 
254 19.742 17.13 
258 15.494 18.69 
261 14.994 18.04 
264 12.912 17.25 
268 12.245 16.24 
271 10.163 16.28 
275 5.831 15.97 
278 3.5819 17.15 
283 5.1646 15.11 
287 5.9143 18.43 
292 5.5811 18.04 
296 7.6636 17.71 
301 22.075 14.98 
305 37.152 12.63 
310 39.234 12.51 
319 42.067 11.44 
329 39.817 10.66 
338 35.403 10.26 
348 41.317 10.63 
355 42.483 8.54 
363 35.736 10.65 
370 37.902 9.24 
378 45.399 10.35 
385 38.984 9.99 
393 33.986 7.56 
400 41.733 9.51 
408 42.316 9.12 
415 37.985 9.59 
423 30.238 10.74 
430 18.909 12.58 
436 11.745 12.62 
456 22.908 10.97 
462 30.071 10.37 
469 42.067 8.65 
475 42.65 7.73 
482 51.729 6.71 
490 51.646 7.31 
499 46.148 8.67 
508 34.486 9.79 
517 22.324 10.91 
526 4.4149 13.17 
534 15.91 11.68 
543 18.243 11.93 
552 19.076 12.35 
578 10.329 14.87 
580 8.4133 15.25 
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589 8.7465 14.19 
1136 66.473 6.75 
1150 55.228 8.6 
1164 54.895 8.65 
1178 45.232 9.31 
1192 53.978 7.68 
1207 38.318 10:92 
1221 44.815 9.84 
1236 52.812 8.91 
1250 38.318 12.3 
1265 39.651 13.09 
1280 54.228 8.91 
1294 52.979 8.08 
1309 54.562 8.09 
1324 55.145 8.82 
1339 74.054 5.5 
1354 59.893 9.38 
1369 49.397 9.42 
1385 43 .066 10.97 
1400 31.321 13 .27 
1415 20.242 13.58 
1431 48.231 9.73 
1446 51.063 9.38 
1462 55.311 9.83 
1478 53.895 8.68 
1493 56.061 8.4 
1509 62.392 6.84 
1557 54.062 8.28 
1573 61.809 6.92 
1589 64.058 6.34 
1606 64.724 6.68 
1622 62.059 7.13 
1671 60.642 6.82 
1688 63.391 6.43 
1705 62.808 6.57 
1721 67.306 5.8 
1738 56.477 8.06 
1755 61.725 6.8 
1772 61.559 6.48 
1789 65.974 6.09 
1806 65.974 5.97 
1823 59.06 6.8 
1841 65.141 5.77 
1858 62.059 6.78 
1875 62.059 6.05 
1893 49.897 9.59 
1928 57.061 7.26 
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1946 56.811 8.73 
1964 32.57 12.29 
1981 53.229 8.19 
2035 25.656 11.01 
2054 41.317 10.77 
2072 70.389 5.42 
2090 20.658 10.86 
2108 55.561 6.98 
2127 56.228 7.02 
2145 62.725 6.02 
2164 58.31 6.64 
2182 58.893 6.94 
2201 56.311 6.69 
2220 51.979 7.75 
2258 17.91 11.87 
2315 25.407 11.69 
2334 45.732 9.31 
2354 21.158 11.39 
2373 46.981 9.87 
2392 56.061 8.63 
2412 58.31 6.35 
2431 45.482 7.71 
2491 49.314 7.13 
2511 62.475 5.19 
2530 50.313 5.77 
2591 16.66 9.59 
2611 59.809 5.28 
2631 54.645 6.27 
2652 56.144 5.74 
2672 52.479 7.13 
2693 65.391 4.72 
2713 44.982 6.88 
2734 24.24 10.6 
2755 53.062 6.89 
2776 61.392 5.77 
2796 58.143 6.26 
2817 60.226 5.4 
2838 63.641 5.09 
2860 66.807 4.85 
2881 61.892 5.7 
2902 54.145 6.53 
2923 66.473 4.92 
2945 64.058 5.49 
2966 66.473 5.34 
3009 59.726 6.31 
3053 61.725 5.95 
3141 61.309 6.46 
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3185 67.723 5.5 
3230 73.471 4.75 
3275 67.39 5.3 
3320 61.309 5.64 
3365 48.231 10.95 
3411 55.894 6.75 
3457 59.31 5.37 
3503 54.895 6.06 
3644 65.974 6.12 
3692 49.23 8.4 
3740 45.982 7.68 
3788 52.479 6.52 
3836 61.892 5.36 
3885 69.306 4.64 
3934 68.972 4.9 
3983 64.558 6.15 
4033 34.32 11.13 
4082 54.562 6.6 
4133 67.64 4.35 
4183 72.471 4.41 
4296 55.561 6.93 
4335 82.384 6.84 
4374 54.145 10.82 
4413 66.057 7.38 
4452 67.723 9.96 
4491 66.973 6.09 
4530 65.057 5.84 
4568 64.141 5.31 
4607 63.391 5.74 
4646 68.723 5.15 
4685 75.636 4.98 
4724 65.141 5.68 
4763 67.89 5.03 
4802 69.889 5.41 
4841 73.054 4.9 
4880 73.554 4.87 
4919 67.223 5.96 
4958 67.223 4.31 
4997 70.055 6.58 
5036 41.65 7.04 
5075 71.138 4.79 
5114 64.724 5.57 
5134 63.058 6.03 
5153 63 .558 6.32 
5173 64.391 5.34 
5212 63.558 5.09 
5251 69.222 5.21 
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5290 68.473 5.24 
5329 70.888 4.69 
5368 60.642 5.51 
5407 71.638 4.63 
5446 72.471 4.42 
5485 74.887 4.1 
5524 71.138 4.33 
5563 70.888 4.57 
5602 71.055 5.14 
5641 70.305 4.7 
5680 73.054 4.08 
5719 65.557 4.68 
5758 58.477 4.06 
5797 69.389 4.69 
5836 71.471 4.65 
6186 73.054 4.83 
6225 68.389 4.9 
6264 65.391 6.08 
6303 70.139 4.28 
6342 68.972 4.7 
6381 71.971 5.02 
6420 66.307 5.26 
6459 68.723 3.98 
6498 64.724 4.43 
6537 70.055 3.69 
6557 21.825 9.26 
6576 65.474 3.91 
6615 60.892 4.91 
6654 18.909 10.24 
6693 73.054 3.72 
6732 73.304 3.6 
6771 69.639 4.44 
6810 45.065 6.75 
6849 79.052 2.53 
6888 64.474 3.65 
6927 69.222 3.81 
6966 52.063 5.99 
7005 63.141 3.95 
7044 61.809 3.94 
7083 64.058 4.16 
7122 65.807 4.35 
7161 61.226 4.31 
7200 57.56 4.27 
7306 66.64 4.66 
7381 64.641 4.49 
7455 38.568 7.79 
7504 65.474 4.68 
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7554 55.561 4.73 
7603 58.393 5.12 
7653 59.31 4.63 
7677 59.31 4.68 
7752 70.472 3.4 
7776 70.555 3.65 
7801 66.057 3.62 
7826 70.389 3.25 
7851 66.723 3.61 
7875 48.731 5.47 
7900 61.975 4.2 
7900 45.482 7.13 
7925 58.893 4.38 
7974 41.317 6.62 
7999 44.815 6.31 
8024 60.476 4.55 
8098 48.314 5.64 
8123 62.642 5.65 
8147 23 .241 9.14 
8172 26.989 7.19 
8197 64.308 3.86 
8222 67.14 3.78 
8246 59.31 4.43 
8271 61.392 4.08 
8296 60.226 4.92 
8321 51.063 4.93 
8345 56.561 4.82 
8370 58.81 4.61 
8395 58.643 4.28 
8420 52.479 3.44 
8444 52.063 4.89 
8469 53 .812 4.8 
8469 53 .562 6.22 
8494 49.73 5.03 
8543 53.562 5.26 
8568 52.063 4.85 
8593 52.229 6.04 
8617 50.98 5.11 
8632 51.629 6.972 
8675 48.647 5.4 
8696 46.731 3.99 
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Derby Lake Freeze core coulometry 

Age AD 
1987 
1984 
1982 
1979 
1976 
1972 
1968 
1965 
1960 
1956 
1951 
1946 
1941 
1936 
1930 
1924 
1918 
1912 
1905 
1898 
1891 
1883 
1876 
1868 
1860 
1850 
1844 
1838 
1832 
1826 
1820 
1815 
1809 
1803 
1797 
1792 
1786 
1780 

% CaC03 
32.0 
33.0 
33.3 
34.2 
34.8 
32.5 
28.7 
28.8 
30.6 
29.8 
28.6 
29.4 
28.7 
29.2 
38.7 
45.0 
47.6 
50.1 
47.8 
48.7 
49.3 
48.5 
50.2 
50.8 
50.8 
51.7 
58.5 
59.3 
57.7 
55.7 
55.4 
51.l 
49.7 
51.2 
47.3 
48.3 
40.6 
34.l 

179 



Derby Lake Freeze core coulometry (cont.) 

Age AD 
1760 
1755 
1750 
1745 
1740 
1734 
1730 
1727 
1723 
1720 
1716 
1713 
1709 
1706 
1703 
1699 
1696 
1692 
1689 
1686 
1682 
1679 
1675 
1672 
1667 
1663 
1658 
1654 
1649 
1645 
1640 
1631 
1621 
1612 
1603 
1595 
1588 
1580 

% CaC03 
21.1 
19.3 
16.4 
13. l 
11.1 
10.6 
16.3 
15.6 
14.6 
19.8 
18.7 
17.6 
19.0 
17.3 
18.5 
20.6 
19.8 
15.5 
15.0 
12.9 
12.3 
10.2 
5.8 
3.6 
5.2 
5.9 
5.6 
7.7 
22.l 
37.2 
39.3 
42.l 
39.8 
35.4 
41.3 
42.5 
35.8 
37.9 
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Derby Lake Freeze core coulometry (cont.) 

Age AD % CaC03 
1573 

1565 
1558 
1550 
1543 
1535 
1528 
1520 
1514 
1507 
1501 
1494 
1488 
1481 
1475 
1468 
1460 
1451 
1442 
1433 
1424 
1416 
1407 
1398 
1389 
1381 
1372 
1370 
1361 

45.4 
39.0 
34.0 
41.8 
42.3 
38.0 
30.3 
18.9 
11.8 
17.7 
23.6 
22.9 
30.1 
42.1 
42.7 
51.8 
51.7 
46.2 
34.5 
22.3 
4.4 
15.9 
18.3 
19.1 
14.8 
12.2 
10.3 
8.4 
8.8 

Holocene insolation 42 degrees north (March+April+October+November) 
age (cal yr BP)MA-ON insolation (W/m/\2) 

4 1119.2 
5 1119.2 
9 1119.2 

10 1119.2 
14 1119.l 
15 1119.l 
20 1119.l 
20 1119.l 
25 1119.l 
26 1119.1 
32 1119.l 
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age (cal yr BP) MA-ON insolation (W/m"2) 
38 1119 
45 1119 
45 1119 
52 1119 
55 1119 
59 1119 
65 1118.9 
74 1118.9 
75 1118.9 
82 1118.9 
85 1118.9 
90 1118.8 
95 1118.8 

100 1118.8 
105 1118.8 
106 1118.8 
112 1118.7 
115 1118.7 
118 1118. 7 
124 1118.7 
125 1118.7 
130 1118.7 
135 1118.6 
135 1118.6 
141 1118.6 
145 1118.6 
147 1118.6 
153 1118.6 
155 1118.6 
158 1118.5 
164 1118.5 
165 1118.5 
170 1118.5 
175 1118.5 
175 1118.5 
180 1118.5 
185 1118.4 
185 1118.4 
190 1118.4 
195 1118.4 
195 1118.4 
200 1118.4 
205 1118.4 
205 1118.3 
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age (cal yr BP) MA-ON insolation (W/m"2) 
216 
220 
223 
227 
230 
234 
237 
241 
244 
247 
251 
254 
258 
261 
264 
268 
271 
275 
278 
287 
292 
296 
301 
305 
310 
319 
329 
338 
348 
355 
363 
370 
378 
385 
393 
400 
408 
415 
423 
430 
436 
443 
449 
456 
462 
469 

1118.3 
1118.3 
1118.3 
1118.3 
1118.2 
1118.2 
1118.2 
1118.2 
1118.2 
1118.2 
1118.2 
1118.1 
1118.1 
1118. l 
1118. l 
1118.1 
1118.1 
1118.1 

1118 
1118 
1118 
1118 
1118 

1117.9 
1117.9 
1117.9 
1117.8 
1117.8 
1117 .8 
1117.7 
1117.7 
1117.7 
1117.6 
1117.6 
1117.6 
1117.5 
1117.5 
1117.5 
1117.4 
1117.4 
1117.4 
1117.3 
1117.3 
1117.3 
1117.3 
1117.2 
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475 1117.2 
age (cal yr BP) MA-ON insolation (W/m"2) 

499 
508 

5 17 
526 
534 
543 
552 
561 
569 
578 
580 
589 

1136 
1150 
1164 
1178 
1192 
1207 
1221 
1236 
1250 
1265 
1280 
1294 
1309 
1324 
1354 
1369 
1385 
1400 
1415 
1431 
1446 
1462 
1478 
1493 
1509 
1525 
1541 
1557 
1573 
1589 
1606 
1622 
1638 

1117.1 
1117.1 

1117 
1117 
1117 

1116.9 
1116.9 
1116.8 
1116.8 
1116.8 
1116.8 
1116. 7 
1114.3 
1114.3 
1114.2 
1114.2 
1114.1 

1114 
1114 

1113.9 
1113.8 
1113.8 
1113.7 
1113.6 
1113.6 
1113.5 
1113.4 
1113.3 
1113.2 
1113.2 
1113.1 

1113 
1113 

1112.9 
1112.8 
1112.8 
1112. 7 
1112.6 
1112.6 
1112.5 
1112.4 
1112.3 
1112.3 
1112.2 
1112.1 
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1655 
1671 

1112 
1112 

age (cal yr BP) MA-ON insolation (W/m/\2) 
1705 1111.8 
1721 1111.8 
1738 1111.7 
1755 1111.6 
1772 1111.5 
1789 1111.5 
1806 1111.4 
1823 1111.3 
1841 1111.2 
1858 1111.1 
1875 1111.1 
1893 1111 
1928 1110.8 
1946 1110.8 
1964 1110.7 
1981 1110.6 
1999 1110.5 
2017 1110.4 
2035 1110.4 
2054 1110.3 
2072 1110.2 
2090 1110.l 
2108 1110 
2127 1110 
2145 1109.9 
2164 1109.8 
2182 1109.7 
2201 1109.6 
2220 1109.5 
2258 1109.4 
2315 1109.1 
2334 1109 
2354 1109 
2373 1108.9 
2392 1108.8 
2431 1108.6 
2451 1108.5 
2471 1108.5 
2491 1108.4 
2511 1108.3 
2530 1108.2 
2551 1108.1 
2571 1108 
2591 1107.9 
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2611 
2631 
2652 

1107.8 
1107.8 
1107.7 

age (cal yr BP) MA-ON insolation (W/mA2) 
2693 
2713 
2734 
2755 
2776 
2796 
2817 
2838 
2860 
2881 
2902 
2923 
2945 
2966 
3009 
3053 
3141 
3185 
3230 
3275 
3320 
3365 
3411 
3457 
3503 
3550 
3597 
3644 
3692 
3740 
3788 
3836 
3885 
3934 
3983 
4033 
4082 
4133 
4183 
4234 
4452 
4491 
4530 

1107.5 
1107.4 
1107.3 
1107.2 
1107.1 

1107 
1107 

1106.9 
1106.8 
1106.7 
1106.6 
1106.5 
1106.4 
1106.3 
1106.1 

1106 
1105.6 
1105.4 
1105.2 

1105 
1104.8 
1104.7 
1104.5 
1104.3 
1104.1 
1103.9 
1103.7 
1103.5 
1103.4 
1103.2 

1103 
1102.8 
1102.6 
1102.4 
1102.2 

1102 
1101.9 
1101.7 
1101.5 
1101.3 
1100.5 
1100.4 
1100.2 
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4568 
4607 
4646 
4685 

1100.1 
1100 

1099.8 
1099.7 

age (cal yr BP) MA-ON insolation (W/m"2) 
4763 
4802 
4841 
4880 
4919 
4958 
4997 
5036 
5075 
5114 
5134 
5153 
5173 
5212 
5251 
5290 
5329 
5368 
5407 
5446 
5485 
5524 
5563 
5602 
5641 
5680 
5719 
5758 
5797 
5836 
5875 
5914 
5953 
5992 
6031 
6070 
6109 
6148 
6186 
6225 
6264 
6303 

1099.5 
1099.3 
1099.2 
1099.l 

1099 
1098.8 
1098.7 
1098.6 
1098.5 
1098.4 
1098.3 
1098.2 
1098.2 
1098.l 
1097.9 
1097.8 
1097.7 
1097.6 
1097.5 
1097.4 
1097.3 
1097.2 
1097.1 

1097 
1096.9 
1096.8 
1096.7 
1096.6 
1096.5 
1096.4 
1096.3 
1096.2 
1096.1 
1096.1 

1096 
1095.9 
1095.8 
1095.7 
1095.7 
1095.6 
1095.5 
1095.4 
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6342 
6381 
6420 
6459 
6498 

1095.4 
1095.3 
1095.2 
1095.2 
1095.l 

age (cal yr BP) MA-ON insolation (W/mA2) 
6557 
6615 
6654 
6693 
6732 
6771 
6810 
6849 
6888 
6927 
6966 
7005 
7044 
7083 
<7122 
7161 
7200 
7306 
7381 
7455 
7504 
7554 
7603 
7653 
7677 
7677 
7727 
7752 
7776 
7801 
7826 
7851 
7875 
7900 
7900 
7925 
7974 
7999 
8024 
8048 
8093 

1095 
1094.9 
1094.8 
1094.8 
1094.7 
1094.7 
1094.6 
1094.6 
1094.5 
1094.5 
1094.5 
1094.4 
1094.4 
1094.3 
1094.3 
1094.3 
1094.2 
1094.2 
1094.1 
1094.1 
1094.1 
1094.1 

1094 
1094 
1094 
1094 
1094 
1094 
1094 
1094 
1094 
1094 
1094 
1094 
1094 

1094.1 
1094.1 
1094.1 
1094.1 
1094.1 
1094.1 
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8098 
8123 
8147 
8172 

. 8197 
8222 

1094.1 
1094.1 
1094.2 
1094.2 
1094.2 
1094.2 

age (cal yr BP) MA-ON insolation (W/m/\2) 
8271 
8296 
8321 
8345 
8370 
8395 
8420 
8444 
8469 
8469 
8543 
8568 
8593 
8617 
8632 
8675 
8696 

1094.2 
1094.3 
1094.3 
1094.3 
1094.3 
1094.4 
1094.4 
1094.4 
1094.4 
1094.4 
1094.5 
1094.5 
1094.6 
1094.6 
1094.6 
1094.7 
1094.7 

Alma Michigan climate data 

Year (AD) Annual precipitaion (mm) Mean Max temp (deg C) 
2002 823 .2 14.6 
2001 831.1 15.2 
2000 905.8 14.2 
1999 825.5 15.3 
1998 684.3 16.4 
1997 692.9 13.3 
1996 845.3 12.7 
1995 751.8 13.7 
1994 1066.3 13.8 
1993 895.9 12.9 
1992 869.7 12.9 
1991 937.8 14.7 
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Alma Michigan climate data 

Year (AD) 
1990 
1989 
1988 
1987 
1986 
1985 
1984 
1983 
1982 
1981 
1980 
1979 
1978 
1977 
1976 
1975 
1974 
1973 
1972 
1971 
1970 
1969 
1968 
1967 
1966 
1965 
1964 
1963 
1962 
1961 
1957 
1956 
1955 
1954 
1953 
1952 
1951 
1950 
1949 
1948 
1947 
1946 
1945 
1944 

Annual precipitaion (mm) Mean Max temp (deg C) 
969.8 
770.4 
707.6 
684.5 

1049.0 
944.6 
839.5 
843.5 
770.6 
868.2 
785.1 
673.6 
599.7 
836.9 
713.2 

1055.l 
866.9 
836.7 
820.4 
635.8 
857.3 
668.0 
730.3 
880.9 
725.2 
787.4 
721.4 
624.6 
586.2 
704.3 
784.6 
688.3 
755.9 
833.9 
622.6 
672.3 
959.6 
902.2 
813.3 
669.3 
887.7 
621.5 
871.0 
582.9 
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14.8 
13.3 
14.7 
15.4 
13.7 
13.4 
13.9 
13.8 
12.9 
12.7 
12.0 
12.2 
12.6 
14.3 
14.5 
14.7 
14.1 
14.9 
13.l 
14.8 
14.2 
14.1 
14.8 
13.9 
14.0 
13.8 
15.4 
15.0 
14.3 
14.8 
14.3 
13.9 
15.l 
14.6 
15.7 
14.9 
13.7 
13.4 
15.4 
14.4 
13.9 

' 15.8 
14.4 
15.3 



Otter Lake varve counts 

core depth (cm) count 
284 101 

300.4 185 
310.3 139 

315 57 
321.9 81 
336.2 132 
342.2 162 

353 204 
367.1 180 
390.7 280 
417.1 253 
440.8 252 
454.8 187 
475.3 240 
482.2 78 
501.5 192 
568.3 297 
586.2 194 
607.8 199 
627.6 250 
640.9 192 
660.6 150 
679.5 249 
708.2 277 
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Otter Lake siderite to quartz XRD 
peak ratio 

sed 
depth 
(cm) sid Eeak gtz Eeak sid:gtz 

5.6 119.70 ##### 0.063 
16.8 113.40 ##### 0.064 
25.3 108.00 ##### 0.055 
35.1 103.80 ##### 0.103 
40.1 112.00 870.83 0.129 
45.5 94.00 ##### 0.071 
55.4 91.20 ##### 0.057 

65 114.40 ##### 0.100 
74.9 140.70 670.00 0.210 
84.5 188.50 587.83 0.321 
94.3 132.10 639.00 0.207 

105.9 134.50 547.50 0.246 
116.1 119.10 653.00 0.182 
124.4 120.90 672.33 0.180 
134.6 155.80 778.33 0.200 
144.9 144.90 514.50 0.282 
184.2 142.00 380.00 0.374 
185.8 134.30 332.33 0.404 
193.8 98.10 223.00 0.440 
215.8 121.30 265.67 0.457 
224.8 128.40 299.00 0.429 
234.2 98.20 216.33 0.454 
235.3 297.30 307.50 0.967 

244 124.80 221.17 0.564 
244.4 115.20 215.83 0.534 
244.4 115.20 215.83 0.534 
254.2 134.20 834.50 0.161 
263.8 124.10 224.00 0.554 

274 130.70 236.50 0.553 
281.5 109.20 182.33 0.599 
291.1 100.20 173.33 0.578 
300.8 206.60 372.33 0.555 

310 124.90 170.33 0.733 
311.4 162.60 189.67 0.857 
317.6 142.50 150.33 0.948 
319.9 129.80 196.83 0.659 
328.9 236.30 185.50 1.274 
330.1 151.70 165.00 0.919 

337 260.80 166.83 1.563 
347 269.50 178.17 1.513 

356.9 297.30 307.50 0.967 
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Otter 
Lake 
siderite 
to 
quartz 
XRD 
peak 
ratio 

sed 
depth 
{cm) sid Eeak gtz Eeak sid:gtz 

425 96.90 280.33 0.346 
434.l 148.90 326.00 0.457 
434.9 169.50 239.33 0.708 

445 119.10 380.33 0.313 
453.9 106.40 278.50 0.382 
463.9 114.90 364.17 0.316 
473.9 120.60 468.00 0.258 
483.4 131.70 330.83 0.398 
493.4 128.20 284.83 0.450 
504.6 101.70 234.17 0.434 
514.5 111.50 285.67 0.390 
523.7 114.70 184.00 0.623 
534.5 137.70 200.00 0.689 
544.4 168.60 152.17 1.108 
554.3 158.10 194.67 0.812 
564.6 191.60 251.50 0.762 
574.7 297.50 138.17 2.153 
585.5 376.50 288.83 1.304 
596.l 323.80 240.33 1.347 
624.2 125.10 504.00 0.248 
635.9 108.50 325.17 0.334 

637 113.60 274.33 0.414 
646.6 123.70 310.50 0.398 
656.l 163.10 536.17 0.304 
666.1 123.40 258.17 0.478 
676.6 158.20 324.83 0.487 
686.5 239.80 249.17 0.962 
697.3 150.40 340.83 0.441 
699.3 403.50 224.67 1.796 
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Otter Lake ICP-MS 
elemental data 

Mn Fe Na Al Ca p 
cum 
de Eth ppm % % % % % 

92.8 6670 13.38 0.07 1.29 0.56 3.18 
153.4 3170 7.72 0.06 0.94 0.39 1.32 
220.2 8100 >15 0.02 0.65 0.45 2.37 
289.6 6240 >15 0 0.35 0.45 2.21 
326.4 8180 >15 0.03 0.58 0.52 1.74 

340 12717 >15 0.02 0.62 0.5 1.2 
368.1 8870 >15 0.06 1.08 0.52 1.62 
428.4 9290 >15 0.06 1.17 0.52 1.05 
449.6 8080 >15 0.04 0.99 0.48 1.44 
470.6 6290 13.8 0.03 0.72 0.47 1.46 
499.9 8830 11.92 0.03 0.68 0.62 1.28 
541.1 12412 >15 0.03 0.6 0.59 2.84 
549.4 6940 >15 0.04 0.55 3.28 4.42 
579.7 33603 >15 0.02 0.54 0.76 1.04 
601.1 26666 >15 0.06 1.35 0.83 1.04 
610.3 29999 >15 0.09 2.23 1.15 0.59 
620.5 21154 >15 0.07 1.26 0.83 0.94 
629.9 13907 >15 0.08 1.55 0.78 1.24 
639.3 4550 13.8 0.06 1.24 0.7 1.27 

642 10865 >15 0.02 0.61 0.62 0.88 
651.6 11801 >15 0.06 0.92 0.67 1.09 
662.6 23307 >15 0.09 1.94 1.14 1.4 
671.1 9690 >15 0.03 0.74 0.71 1.55 
681.6 13419 >15 0.05 0.8 1.46 
691.5 31883 >15 0.04 0.8 0.88 0.9 
703.l 9960 >15 0.06 1.22 0.51 1.62 

704 23397 >15 0.02 0.64 0.73 1.44 
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Otter Lake siderite stable 
isotope data 

dl3C dl80 
cum depth(VPDB)(VPDB) 

20.1 -12.74 -10.14 
99.2 -24.22 -13.22 
145.5 -24.39 -10.36 
186.4 -20.86 -8.43 
216.4 -23.29 -11.36 
248.4 -3.23 -0.19 
314.4 6.52 1.49 
350 8.47 2.01 

382.8 3.70 2.07 
435.4 1.61 1.61 
483.8 -2.76 0.88 
513.2 0.85 1.39 
558.7 0.36 1.65 
588.2 2.99 2.09 
637 -3.42 0.40 
700 5.52 1.76 

freeze-MUCK 
Crawford Lake core correlation 
depth in MUCK core Year AD 

9 1980 
25 1870 
37 1490 
53 1330 

Crawford Lake Age Models 
depth interval age model 

9 to 25 sediment age= -6.875*(core depth)+2041.9 
25 to 37 sediment age= -31.667*(core depth)+2661.7 

> 37 sediment age= -lO*(core depth)+l860 
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Crawford Lake Mass accumulation 
rates 

sed 
LSR density MARsed 

depth (cm/y(g/cm"3 ph (mg/cm"3/ 
(cm) r) ) yr) 

9 0.15 2.18 0.93 212.60 
11 0:15 2.60 0.96 148.30 
13 0.15 2.60 0.95 197.51 
15 0.15 2.20 0.95 157.87 
17 0.15 2.14 0.95 152.63 
19 0.15 2.08 0.96 129.88 
21 0.15 2.05 0.95 143.90 
23 0.15 1.85 0.96 105.36 
25 0.03 1.76 0.95 28.74 
27 0.03 1.90 0.95 27.84 
29 0.03 2.04 0.95 34.58 
31 0.03 1.87 0.95 30.59 
33 0.03 1.95 0.95 28.92 
35 0.03 2.01 0.95 33.50 
37 0.10 2.01 0.95 103.64 
39 0.10 2.06 0.93 142.75 
41 0.10 2.06 0.93 140.02 
43 0.10 1.94 0.94 121.51 
45 0.10 1.90 0.93 127.58 
47 0.10 1.95 0.95 98.17 
49 0.10 2.02 0.95 108.53 
51 0.10 2.13 0.93 145.90 
53 0.10 2.28 0.93 153.79 
55 0.10 1.92 0.92 157.91 
56 0.10 2.60 0.92 208.73 
57 0.10 1.84 0.93 135.37 
59 0.10 1.82 0.94 111.77 
61 0.10 1.79 0.94 110.30 
63 0.10 1.81 0.94 113.70 
65 0.10 1.77 0.93 115.27 
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Crawford Lake coulometry 
sed deEthCaC03 (%)TOC(%)MAR (ic)MAR (toe) 

9 43 .58 13.25 11.12 14.09 
11 0.00 0.00 0.00 
13 0.00 0.00 0.00 
15 41.60 12.60 7.88 9.95 
17 29.58 14.46 5.42 11.03 
19 24.85 16.21 3.88 10.53 
21 30.69 17.30 5.30 12.45 
23 24.25 23.28 3.07 12.27 
25 14.89 26.23 0.51 3.77 
27 48.36 21.81 1.62 3.04 
29 59.95 17.52 2.49 3.03 
31 37.28 22.93 1.37 3.51 
33 49.98 20.46 1.74 2.96 
35 56.28 18.37 2.26 3.08 
37 53.37 18.47 6.64 9.57 
39 44.45 16.89 7.62 12.06 
41 51.36 16.86 8.63 11.81 
43 39.63 20.71 5.78 12.58 
45 46.55 21.88 7.13 13.96 
47 48.61 20.27 5.73 9.95 
49 49.05 17.98 6.39 9.76 
51 59.96 14.71 10.50 10.73 
53 30.39 9.98 5.61 7.67 
55 33.61 21.16 6.37 16.71 
56 0.00 0.00 0.00 
57 31.17 23.79 5.07 16.10 
59 34.95 24.50 4.69 13.69 
61 32.76 25.44 4.34 14.03 
63 34.82 24.66 4.75 14.02 
65 28.67 25.98 3.97 14.97 
67 31.09 24.78 
69 26.90 24.57 
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Crawford Elemental Abundance 
and Mass Accumulation Data 

Ca 
Al Al K K Mg Mg Ca MAR 

sed 
deEth % MAR% MAR % % 

9 1.0I 2.I5 0.29 0.62 0.67 1.42 >I5 
I I I. I I 1.65 0.3 I 0.46 0.58 0.86 >I5 
13 1.1 I 2.I9 0.32 0.63 0.57 1.13 >I5 
I5 1.05 1.66 0.31 0.49 0.47 0.74 I2.97 20.48 
17 0.72 1.10 0.21 0.32 0.4 0.61 I2.24 18.68 
19 1.63 2.12 0.43 0.56 0.5 0.65 9.57 12.43 
21 0.65 0.94 0.21 0.30 0.42 0.60 I3.78 I9.83 
23 0.64 0.67 0.21 0.22 0.4 0.42 12.27 12.93 
25 0.36 0.10 0.13 0.04 0.38 0.11 >I5 
27 0.2I 0.06 0.09 0.03 0.36 O.IO >15 
29 O.I6 0.06 0.07 0.02 0.35 0.12 >15 
31 O.I9 0.06 0.09 0.03 0.39 O.I2 >15 
33 0.16 0.05 0.08 0.02 0.37 0.11 >I5 
43 0.92 1.12 0.29 0.35 0.4 0.49 >15 
45 0.99 1.26 0.33 0.42 0.35 0.45 12.36 15.77 
47 0.37 0.36 0.13 0.13 0.35 0.34 >I5 
49 0.49 0.53 0.17 0.18 0.37 0.40 >15 
51 1.01 1.47 0.33 0.48 0.45 0.66 >15 
53 l. I 1.69 0.36 0.55 0.42 0.65 >I5 
55 1.04 1.64 0.34 0.54 0.49 0.77 >I5 
56 0.75 1.57 0.24 0.50 0.45 0.94 >15 
57 0.77 1.04 0.24 0.32 0.38 0.5I >15 
59 0.79 0.88 0.24 0.27 0.37 0.41 11.46 12.81 
61 0.3 0.33 0.11 0.12 0.35 0.39 12.37 13.64 
63 0.31 0.35 0.11 0.13 0.35 0.40 11.82 13.44 
65 0.25 0.29 0.09 0.10 0.34 0.39 12.44 14.34 

200 



Crawford Elemental Abundance and Mass Accumulation Data 
Mn Fe 

Mn MAR Fe MAR p p 

EEm % % MAR 
291 0.06 0.88 1.87 0.15 0.32 
261 0.04 0.78 1.16 0.17 0.25 
224 0.04 0.68 1.34 0.14 0.28 
205 0.03 0.68 1.07 0.14 0.22 
190 0.03 0.56 0.85 0.14 0.21 
179 0.02 1.07 1.39 0.21 0.27 . 
192 0.03 0.46 0.66 0.17 0.24 
181 0.02 0.37 0.39 0.18 0.19 
172 0.00 0.21 0.06 0.15 0.04 
166 0.00 0.19 0.05 0.17 0.05 
171 0.01 0.17 0.06 0.16 0.06 
197 0.01 0.2 0.06 0.18 0.06 
192 0.01 0.18 0.05 0.17 0.05 
225 0.03 0.56 0.68 0.21 0.26 
205 0.03 0.53 0.68 0.2 0.26 
207 0.02 0.33 0.32 0.19 0.19 
241 0.03 0.38 0.41 0.2 0.22 
236 0.03 0.54 0.79 0.19 0.28 
237 0.04 0.6 0.92 0.23 0.35 
272 0.04 0.46 0.73 0.16 0.25 
241 0.05 0.29 0.61 0.14 0.29 
212 0.03 0.4 0.54 0.19 0.26 
201 0.02 0.54 0.60 0.14 0.16 
202 0.02 0.3 0.33 0.14 0.15 
193 0.02 0.32 0.36 0.13 0.15 
191 0.02 0.3 0.35 0.12 0.14 

201 


