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Abstract | Large concentrically laminated carbonate grains (here referred to as pisoids) have been observed sporadically 
throughout the geological record and in modern environments. Explanations for how these grains form have varied 
widely in different settings, although microbial effects are often involved. In Ore Lake, a ~1 km2 flow-through lake in 
southeast Michigan, one to four centimeter oblong calcite pisoids are observed in both lake bottom shallows and 
mounded as a small spit near the primary outflow. In section mm-scale light and more porous along with and dark and 
more dense concentric laminations are apparent. Here we use field observations, petrography, water chemistry, and 
stable isotopes to understand their formation. Measurements of pisoid calcite δ18O and lake water δ18O indicate that 
precipitation occurs in waters between roughly 19 – 28°C. These warm temperatures imply that pisoid growth happens 
almost entirely within the summer, contrary to prior work that suggested wintertime precipitation was important. Pisoid 
δ18O values largely overlap with coexisting lake bivalve values, suggesting that pisoid precipitation is in equilibrium. 
In contrast, pisoid δ13C is as much as 8 ‰ more positive than bivalve δ13C due to photosynthetic effects. We propose 
that the laminations in these pisoids arise from different rates of formation within the warm months, rather than large 
seasonal differences. A decline in lake alkalinity beginning in late spring likely coincides with more rapid growth, with 
slower growth mediated by cyanobacteria continuing through the summer. This range of observations enables the use 
of Ore Lake as a potential model for understanding pisoid formation throughout the geological record.
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Lay summary | Here, we investigate how unique, concentrically layered grains (“pisoids”) are forming in a small inland 
lake in Michigan, USA. We use field observations, thin sections, and measurements of grain and water composition to 
learn about their formation. We find that the pisoids form in close association with local cyanobacteria during the warm 
months, which are likely moved around as they grow. Studies that examine how pisoliths form today can inform how we 
interpret them in ancient geological deposits.
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1. Introduction

Carbonate precipitation in association with cyanobacteria 
is common in ancient and modern settings, but the char-
acter of the precipitate and the precise details of how it 
forms are highly variable (Pedley, 1990; Benzerara et al., 
2014; Chafetz et al., 2018). The morphology of microbial 
carbonates can differ greatly; such structures include tufa, 
travertine, stromatolites, oncoids, spherulites, microbi-
alites, and pisoids or pisoliths (Chafetz & Meredith,1983; 
Folk & Chafetz, 1983; Riding, 1983; Rivera & Sumner, 
2014; Chafetz 2018). Settings where cyanobacteria-driven 

precipitation occurs are thought to include nearly all 
places where carbonates form, including hot springs and 
geysers (Chafetz, 2018), shallow marine environments 
(Reid et al., 2000), and freshwater environments such as 
lakes (Andrews & Trewin, 2014; Chagas et al., 2016) and 
streams (Merz-Preiß & Riding, 1999; Andrews, 2006), from 
the modern and Holocene through the Archean (e.g., 
Rivera & Sumner, 2014). 

Concentrically laminated carbonates (including microbial-
ites) in particular have attracted interest for decades (e.g., 
Irion & Müller, 1968; Dunham, 1969; Dahanayake, 1977; 
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Risacher & Eugster, 1979). Broadly defined, these concen-
tric structures larger than ooids also have been described 
from modern settings and throughout the geologic record 
(e.g., Monty & Mas, 1981; Maliva, 2000; Rivera & Sumner, 
2014). Concentric laminations are known to form from 
both biotic and abiotic factors. In some cases, vadose 
zone precipitation (Dunham, 1969) and/or hypersaline 
precipitation (Esteban & Prey, 1983) are thought to create 
concentric laminations abiotically. However, cyanobacteria 
likely play a role in most concentric carbonate formation 
processes (e.g., Barth & Chafetz, 2015; Mors et al., 2022). 
For example, bacteria can help to instigate precipitation 
that proceeds in part abiotically (Chafetz & Meredith, 
1983; Barth & Chafetz, 2015), or play a role in precipitation 
throughout the growth of concentric structures (Chafetz et 
al., 2018). Indeed, the presence of amino acids and extra-
cellular polymeric substances (even when the organisms 
were no longer living), are enough to induce carbonate 
precipitation in concentric patterns (Braissant et al., 2007). 
The common assumption of microbially induced precipi-
tation, in general, is that given the ‘right’ conditions (e.g., 
particular saturation states, temperatures, and alkalinity), 
cyanobacteria can promote carbonate precipitation by 
altering local water chemistry through photosynthetic 
processes (Merz-Preiß & Riding, 1999; Braissant et al., 
2007; Müller et al., 2016; Chafetz et al., 2017; Turchyn, 
2021; Shiraishi et al., 2022).

This paper focuses on freshwater pisoids in a humid conti-
nental setting at Ore Lake, Michigan, USA (Figure 1), an 

inland, temperate marl lake (Binkley et al., 1980). The defi-
nitions of ‘pisoids’ differ in the literature; here we use the 
term to describe oblong to circular, concentrically banded, 
tufa-like structures one to four centimeters in diameter 
(Figure 2). At Ore Lake, these calcareous forms have been 
found to have both skeletal (gastropods and bivalves) and 
non-skeletal nuclei. Nearly all samples display concentric 
banding around the center. The samples observed in this 
study are all thought to be modern. Ore Lake has long 
been noted for carbonate deposition in the form of marl 
(Pollock, 1919), pisoids (Jones & Wilkinson, 1978), and 
carbonate-cemented beachrock (Binkley et al., 1980). 
Cyanobacteria (previously known as ‘blue-green algae’) 
are seasonally abundant in Ore Lake (Parker & Kohlhepp, 
2017) and are understood to play a role in local carbonate 
formation for over 100 years (Pollock, 1919).

Jones & Wilkinson (1978) concluded that the Ore Lake 
pisoids likely remained in place during precipitation, based 
on the general observation of flattened bases of their 
samples. They determined that this flattening represented 
an area of the pisoid that remained in contact with the 
lake bottom sediment. While precipitation favors the side 
of the structure that is most available for photosynthesis, 
they noted that precipitation must occur on all sides of 
the pisoids to obtain the concentric banding observed. 
Jones & Wilkinson (1978) also noted that clear dark and 
light banding within the pisoids was due to variations in 
porosity (Figure 3), with porous layers containing more 
filamental structures. They concluded that this difference 
in layer composition indicated year-round precipitation, 
with photosynthesis only contributing to carbonate 
precipitation during warmer months and a nearly equiva-
lent amount of abiotic precipitation occurring during the 
winter (Jones & Wilkinson, 1978). In this study, we seek to 
reassess whether such substantial carbonate precipitation 
during winter months (when our observations indicate the 
lake surface is often partially frozen) is likely.

This study aims to broadly refine the conditions of 
carbonate precipitation in Ore Lake, particularly inves-
tigating pisoid formation and the possibility of winter 
precipitation (perhaps abiotic). We use stable isotope data 
to constrain the water chemistry and temperature at the 
time of pisoid formation. We also assess the location of 
pisoid formation and transportation within the lake; field 
observations indicate that Ore Lake has sufficient flow 
for grains in shallow areas to be transported towards the 
lake outflow in the south (Figure 1). This study evaluates 
how these findings may be relevant for studies of similar 
concentric grains throughout the geological record.

2. Methods

2.1. Sampling

Water samples were collected from Ore Lake over a visit in 
October 2016, one visit in February 2017, and three visits 
between July and October 2021. Single-visit sampling also 
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Figure 1 | Map of water and carbonate sample locations within Ore 
Lake, Michigan, USA.
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included the connecting Huron River, four nearby lakes 
(Zukey, Bass, Bishop, and Lime), South Ore Creek (which 
flows into Ore Lake), and one sample from a nearby park 
faucet located southeast of Ore Lake, which was sampled 
to represent local groundwater (Supplemental Figure 1). 
Carbonates analyzed here were collected from Ore Lake 
in July 2021 from the northern shore and a spit on the 
southern shore (Figures 1 and 4). 

Water sampling was conducted using sterile 10mL 
syringes, welded syringe filters, and 5mL glass vials. These 
samples were collected from surface waters using a boat 
as well as from the shore, depending on the trip and the 
targeted areas. Alkalinity testing was conducted using 
the titration method, where total alkalinity was expressed 
in mg/L (Lamotte 4491-DR-01 Water Quality Testing Kit). 
In-the-field testing of water pH, conductivity (µs), and 
total dissolved solids (ppm) was conducted using a water 
quality meter with a +/-1 % accuracy.

2.2. Stable isotope methods

δ18O and δD of water samples collected in 2021 were 
measured at the Iowa State University Stable Isotope Lab 
(ISU). Older samples from 2016 and 2017 were measured 
at the University of Michigan (U of M). Both sample sets 
were measured using a Picarro L2130-i Isotopic Liquid 
Water Analyzer, with an autosampler and the ChemCorrect 
software. For ISU samples, the final three injections (of 
six total) were used to calculate mean isotopic values to 
account for memory effects. For U of M samples, the last 

four analyses of nine measurements were used. In both 
labs, USGS 47 and USGS 48 reference standards (USGS, 
2023) were used for regression-based isotopic corrections 
and to assign the data to the appropriate isotopic scale 
in which at least one standard was used for every five 
samples. The combined uncertainty (analytical uncertainty 
and average correction factor) for water δ18O (δ18Owater) is ± 
0.1 ‰ (VSMOW) and for δD is ± 0.5 ‰ (VSMOW).

Carbonate δ18O and δ13C of sixteen pisoids and four shells 
identified at genus level (three Dreissena and and one 
Corbicula) were measured at the U of M Stable Isotope 
Lab relative to internal standards and the Vienna Peedee 
Belemnite standard (VPDB). Four of these pisoids were 
subsampled in multiple places across apparent growth 
laminae (Figure 3). The subsamples were obtained using a 
handheld Dremel tool, which unfortunately was too large 
to enable reliably discrete sampling from pisoid layers 
(that is, several subsamples include some portion of a 
light and darker layer). The other twelve pisoids had one 
sample taken from the outer surface of each, which was 
completed after abrading away the outermost ~1 – 2 mm 
of carbonate and debris. The bivalves were sampled from 
just one location along the outside of the shell. All samples 
were measured for both δ18O and δ13C using a Kiel IV auto-
mated preparation device coupled to a Thermo Scientific 
MAT 253 mass spectrometer at the University of Michigan 
Stable Isotope Laboratory. The analytical precision was 
greater than 0.1 ‰.

Formation temperature was calculated from carbonate 
δ18O data using mineral-specific fractionation factors. For 
calcite pisoids we used Kim & O’Neil (1997). For aragonite 
shells we used Grossman & Ku (1986). For all samples we 
input a δ18Owater value of -5.6 ‰. This value is the mean 
of all δ18Owater measurements within Ore Lake, excluding 
the single sample taken during winter. The effect of 

Figure 2 | A range of complete pisoids that were sampled from Ore 
Lake. Scale bar in millimeters.

Figure 3 | Cross-section of pisoid sample SP1, which was sub-sam-
pled for stable isotopes (small holes). Note circular concentric 
layering.
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changing the δ18Owater value used for calculating tempera-
tures (including the winter δ18Owater value, for example) is 
discussed below. We treat these calculations as an esti-
mate of temperature and not as an exact measurement. 
This is because δ18Owater certainly varies through time 
and within the lake (although the data suggest that lake 
δ18Owater values are relatively constant across summer and 
fall; see results).

3. Geochemical results

3.1. Field observations 

We located pisoids in four locations in Ore Lake: partially 
buried within sediment at the northern shore near where 
South Ore Creek enters Ore Lake, two locations along the 
east side of the lake, and as part of an elevated spit at 
the southern end (Sample Location map). This ~60 m spit 
structure is made up primarily of mollusk shells, coarse 
carbonate sand, fragmented pisoids, and complete 
pisoids (Figure 4). The spit juts into the water where Ore 
Lake drains into the much smaller (~0.05 km2) Little Ore 
Lake and subsequently the Huron River to the south, 
helping to separate the two lakes. The composition and 
morphology of the spit, as well as the north-to-south 
current in Ore Lake, suggest that it formed from apparent 
changes in shoreline currents and/or wave energy at this 
drainage point.

The pisoids collected from the northern shore of the lake 
(where South Ore Creek drains into it) were located < 5 m 
from shore and were sampled from under approximately 
25 – 75 mm of sand. The pisoids were much less abundant 

than in the area in and around the southern spit (Figure 1). 
The burial of these samples may have been due to high 
lake levels (and creek discharge) occurring at the time of 
collection. In addition, pisoids were located in two areas 
in the eastern part of the lake, where a shallow (< 3 m) 
shelf extends ~200 m from shore. These were observed 
and sampled in water ~2 m and ~0.75 m deep.

3.2. Alkalinity

The alkalinity of lake water indicates the availability of 
bicarbonate ions for uptake during photosynthesis, which 
in turn increases the likelihood of carbonate precipi-
tation by cyanobacteria or algae (e.g., Merz, 1992). As 
far as we have observed, Ore Lake is locally unique in 
forming pisoids and/or significant microbialite formation. 
Enhanced carbonate precipitation in Ore Lake is therefore 
consistent with elevated alkalinity relative to nearby lakes. 
Our measurements of Ore Lake alkalinity range from 136 
to 164 ppm CaCO3 (Table 1). Measurements from nearby 
Bishop, Zukey, and Bass lakes range from 88 to 126 
ppm CaCO3 (Table 1). Water samples taken from South 
Ore Creek showed the greatest surface water alkalinity 
concentration, ranging from 156 – 168 ppm CaCO3. 
As presented in Supplemental 2, there is a decline in 
surface water alkalinity from the north to the south, with 
higher alkalinity South Ore Creek waters mixing with 
other sources (including groundwater) within Ore Lake 
(Figure  1). As such, the northernmost sample location 
within the lake also had the highest alkalinity within the 
lake. The potential relationship between spatial variability 
of lake surface alkalinity and pisoid formation is discussed 
below.

Figure 4 | Field photo of surficial sediments on the spit at the southern end of Ore Lake (see map in Figure 1). The very coarse-grained 
sediment here is dominated by disarticulated quagga mussel shells, complete pisoids, and pisoid fragments.
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We supplement these data with historical alkalinity 
measurements collected by the Ore Lake Preservation 
Association (Fusilier, 1987, 1999) to evaluate seasonal 
alkalinity patterns within the lake. Figure 5 shows that Ore 
Lake alkalinity reaches a maxima in the spring and rapidly 
declines into the summer. It is likely that after reaching a 
late summer minima, alkalinity slowly increases throughout 
the fall and winter; this relationship is observed in other 
small lakes with abundant carbonate (Otsuki & Wetzel, 
1974). This seasonal cycle probably coincides with the 
onset of major carbonate precipitation within the lake 
during the spring and summer, and reduced carbonate 
precipitation into the late fall and winter. No major change 
in lake alkalinity over time (during the 1980s, 1990s and 
2020s) is observed in the summertime data. The historical 

alkalinity data have values that overlap and do not indicate 
clear change over years. Other water chemistry data (pH, 
conductivity, and total dissolved solids) are also reported 
in Table 1.

3.3. Stable isotope results

Pisoid δ18O values range between -6.33 ‰ and -8.12 ‰ 
VPDB, with a standard deviation of 0.5 ‰. These values 
are broadly consistent with the bivalve shells that were 
sampled (mean of -6.8 ‰; Table 2). In contrast, δ13C values 
differ considerably between pisoid and bivalve carbonate, 
well exceeding any potential mineralogical effect (pisoids 
are calcite and the shells are composed of aragonite). 
Pisoid δ13C values range between -1.1 and -3.9 ‰ VPDB, 

Sample Location Sampling 
Date

Latitude / 
Longitude

δ18O 
(VSMOW)

δD 
(VSMOW)

Alk. 
(mg/L) pH Cond. 

(µs)
TDS 

(ppm)

OLWI South Ore Creek 7/17/2021
42.49770N 
83.80210W

-5.87 -43.06 156  no data no data no data

OLW2 Huron River 7/17/2021
42.47500N 
83.78850W

no data no data 144 no data no data no data

OLW3 Ore Lake (shoal) 7/17/2021
42.47580N 
83.79660W

-5.75 -43.55 136 no data no data no data

OLW4 Ore Lake (middle) 7/17/2021
42.47780N  
83.79690W

-5.77 -43.45 148 no data no data no data

BILW24 Bishop Lake 7/17/2021
42.50260N  
83.84260W

-2.65 -29.62 88 no data no data no data

ZLW25 Zukey Lake 9/4/2021
42.46310N  
83.84690W

-4.25 -32.8 124 no data no data no data

BALW26 Bass Lake 9/4/2021
42.44900N  
83.85680W

-4.56 -35.09 128 no data no data no data

OLW8 South Ore Creek 9/4/2021
42.49040N  
83.79860W

-5.25 -38.81 no data no data no data no data

OLW9 Little Ore Lake (south) 9/4/2021
42.47380N  
83.7969W

-5.19 -38.79 144 no data no data no data

OLW10 Well Water Sample 10/2/2021
42.4752N 
83.7825W

no data no data 212 8.28 661.4 447.3

OLW11 Little Ore Lake (middle) 10/2/2021
42.47420N  
83.79710W

-5.93 -43.6 140 8.91 778.6 533.8

OLW12 Ore Lake (shoal) 10/2/2021
42.47590N  
83.79660W

-5.52 -41.3 140 8.93 777.9 535.1

OLW13 Ore Lake (middle) 10/2/2021
42.8070N 
83.7967W

no data no data 140 8.96 778.5 535.6

OLW14 Ore Lake (north) 10/2/2021
42.48550N  
83.79750W

-5.62 -41.77 164 8.8 780.6 536.5

OLW15 South Ore Creek (Brighton) 10/2/2021
42.53500N 
83.7844W

no data no data 168 8.56 649.4 449.9

OLW16 Lime Lake 10/2/2021
42.5273N 
83.8119W

 no data no data 128 8.36 933.2 646.5

OLW17 Ore Lake (middle) 10/3/2016
42.48060N  
83.79590W

-5.47 -40.27 no data no data no data no data

OLW18 Little Ore Lake (middle) 10/3/2016
42.4742N  

83.79730W
-5.5 -40.91 no data no data no data no data

OLW19 Ore Lake (south) 10/3/2016
42.47600N  
83.79690W

-5.65 -41.45 no data no data no data no data

OLW20 Ore Lake (north) 10/3/2016
42.48570N  
83.79810W

-5.56 -41.15 no data no data no data no data

OLW21 East Ore Creek 10/3/2016
42.49000N  
83.79100W

-6.92 -47.18 no data no data no data no data

OLW22 South Ore Creek 10/3/2016
42.4977N 
83.8021W

-6.45 -44.88 no data no data no data no data

OLW23 Ore Lake (northwest) 2/17/2017
42.48480N  
83.80150W

-7.81 -52.08 no data no data  no data no data

Table 1 | Chemical data for all water samples, including stable isotope data (relative to Vienna Standard Mean Ocean Water), Alkalinity 
(Alk.), pH, conductivity (Cond.), and total dissolved solids (TDS).
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with a standard deviation of 0.6 ‰, while mollusk samples 
range between -5.1 and -9.1 ‰, with a standard deviation 
of 1.6 ‰. δ18O values of water samples collected in Ore 
Lake during summer and fall range from -5.8 ‰ to -5.5 ‰; 
δD ranges from -43.6 ‰ to -40.3 ‰ (VSMOW; Table 1). A 
single wintertime water measurement (taken on February 
17, 2017) had a δ18Owater value of -7.8 ‰ and a δD value of 
-52.1 ‰ (Supplemental 3).

3.4. Formation temperature estimates from carbonate 
δ18O

Using the mean summer and fall Ore Lake δ18Owater value 
of -5.6 ‰ VSMOW (see methods), calculated formation 
temperatures for pisoid calcite range from ~19 to ~29°C. 
This overlaps with the calculated temperature range for 
bivalve samples: ~22 to 26°C (Figure 6). Changing the 
estimated δ18Owater value used for these temperature 
calculations results in meaningful changes. In the extreme 
case, using the measured wintertime δ18Owater value of 
-7.8 results in a roughly 10°C decrease for all calculated 
temperatures. For context, annual temperatures in 
Ore Lake surface waters range from frozen (≤ 0°C) to 
approximately 27°C, with average June through August 
temperatures ranging from ~20 to ~27°C (Cooperative 
Lakes Monitoring Program, 2019; Supplemental 4).

4. Key observations and discussion

4.1. Field observations and pisoid morphology

The range of sizes of pisoids in Ore Lake is likely dependent 
on both the age of the pisoid and the shape of the central 
nucleation grain. ‘Younger’ (that is, smaller) pisoids that 
have gone through fewer cycles of summer precipitation 
often display different morphologies than ‘older’ pisoids, 
which have a thicker (> 5 mm) build-up of carbonate due 
to more (and perhaps multiple seasons of) precipitation. 

‘Younger’ pisoids may display a shape and size that 
reflects a gastropod shell nucleus (asymmetric) or may 
reflect a smaller grained nucleus (more symmetric) (Figure 
7). ‘Older’ pisoids fairly consistently show a subspherical 
morphology regardless of nucleus type. 

Jones & Wilkinson (1978) suggested that turnover of 
pisoids in Ore Lake is minimal based on an observed ‘flat-
tening’ of their structures, resulting in slightly asymmetrical 
banding when viewed in cross section. They suggest this 
occurs due to consistent contact with the substrate on 
one side of the pisoid, with slightly more precipitation 
occurring on all other surfaces (see figure 3 in Jones & 
Wilkinson, 1978). This interpreted lack of turnover has 
subsequently been cited as evidence of in-place growth 
of other sub-spherical carbonate structures (Riding, 1983). 
In contrast, Casanova (1986) found that the spherical to 
subspherical morphology of lacustrine concentrically 
laminated carbonate grains (in that case, described as 
oncoids) did require continuous displacement to result 
in similar morphology. Casanova (1986) described 
consistently rounded and mobile grains in the absence of 
turbulent waters, although the amount of transportation 
necessary to cause a subspherical morphology differs 
depending on factors including grain size and precipita-
tion rate. We suggest that the subspherical geometry of 
Ore Lake pisoids is also due, at least in part, to growth 
during transport through the lake. This idea is supported 
by the existence of large shallow flats throughout the lake 
that would presumably provide ample area above storm 
wave base. Pisoid movement during growth is also consis-
tent with field observations of complete pisoids along the 
lake’s northern and eastern shallows (Figure 1), as well as 
buildup of a spit at the southern outflow made primarily of 
pisoid grains (Figure 4). 

Water flow through Ore Lake into its southern outlet is 
considerable. United States Geological Survey (USGS) 

Figure 5 | Historical and recent seasonal alkalinity data from Ore Lake. We collected the 2021 and 2022 data; the older data were collected 
by the Ore Lake Preservation Association. Note that spring (April) data are all higher than summertime samples. 
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stream gauge measurements from 2015 show that the 
streamflow at the southern end of the lake ranges from 
0.35 m3/s to 0.85 m3/s, with moderate suspended debris 
recorded at the gauge location during high flow times 
(USGS, 2015). The majority of pisoids observed on the spit 
are complete, many of which are > 3 cm. Pisoid fragments 
and coarse sand is also present, along with very common 
disarticulated Corbicula sp. and Dreissena sp. shells. This 
deposition of complete and fragmented pisoids over a 
~600 m2 subaerially exposed area shows that transpor-
tation certainly takes place, and also that higher-energy 
storm events play some role in their movement. The only 

question is whether precipitation and growth occurs at 
times during this transport. 

Pisoid growth during transport is further supported by the 
generally symmetrical internal laminae and overall shapes 
of individual pisoids we observed. This is in contrast to 
the argument by Jones & Wilkinson (1978) for largely 
immobile pisoids based on observation of consistent 
asymmetrical shapes, with one side flattened and the 
opposite side convex, which is visible both on the outer-
most layer (surface) and within internal laminae. However, 
we did not find in our samples from Ore Lake that most 
pisoids today have the distinctly asymmetrical structure 
they describe. Instead, we observed that only ~29 % of 
pisoid samples (20 out of 70 samples) display any notably 
flattened bases, where we define a flattened pisoid as 
having an asymmetrical geometry with one convex surface 
opposing a more planar surface. This suggests that most 
pisoids rotate sufficiently for approximately symmetrical 
growth. Symmetric internal laminae of most pisoids further 
supports this conclusion (e.g., Figure 3). 

Even the minority of pisoids that do have a flatter side 
may have experienced transport during growth. As 
noted by Jones & Wilkinson (1978), the question of how 
cyanobacteria continue photosynthesis on the surface of 
the pisoid that remains in contact with the substrate – in 
which carbonate is precipitated in darkness to create a 
flattened base – remains largely unanswered. Jones & 

N Sample Description δ13C 
(VPDB)

δ18O 
(VPDB)

1 South Pisolite 1 subsample A -3.6 -7.2

2 South Pisolite 1 subsample B -2.9 -6.6

3 South Pisolite 1 subsample C -3.2 -7.3

4 South Pisolite 1 subsample D -3.8 -7.5

5 South Pisolite 1 subsample -2.9 -7.1

6 North Pisolite 1 subsample A -3.3 -7.6

7 North Pisolite 1 subsample B -3.3 -8.1

8 North Pisolite 1 subsample C -3.5 -7.5

9 North Pisolite 1 subsample D -3.5 -8

10 North Pisolite 2 -2.1 -7.3

11 South Pisolite 2 -3.1 -7.8

12 South Pisolite 3 -2.9 -7.7

13 South Pisolite 4 -3.9 -7.4

14 South Pisolite 5 -3.3 -7

15 South Pisolite 6 -3.3 -8

16 South Pisolite 7 -3.5 -8.3

17 South Pisolite 8 -2.6 -7

18 South Pisolite 9 -1 .1 -6.3

19 South Pisolite 10 -1 .7 -6.7

20 South Pisolite 11 subsample A -3.2 -7.9

21 South Pisolite 11 subsample B -3.2 -8.2

22 South Pisolite 11 subsample C -2.6 -7.6

23 South Pisolite 11 subsample D -2.7 -7.7

24 South Pisolite 12 subsample A -3.2 -7.8

25 South Pisolite 12 subsample B -3 -8.1

26 South Pisolite 12 subsample C -2.4 -7.8

27 South Pisolite 12 subsample D -2.9 -8

28 South Pisolite 13 -3.1 -7.7

29 South Pisolite 14 -3.2 -7.8

30 Bivalve 1 - Quagga Mussel -9.1 -6.4

31 Bivalve 2 - Asian Clam -8.4 -7

32 Bivalve 3 - Quagga Mussel -5.1 -7.2

33 Bivalve 4 - Quagga Mussel -9.1 -6.5

Table 2 | Stable isotope data for carbonate samples. Both δ13C 
and δ18O are measured relative to the Vienna Pee Dee Belemnite 
standard.

Figure 6 | Standard boxplots of temperatures calculated from 
carbonate δ18O values using the mean of Ore Lake δ18Owater values 
(-5.62 ‰ VSMOW, see text). Boxes describe the first and third 
quartiles of the data, and the horizontal line indicates the median. 
Both pisoids and local mollusks (quagga mussels and Asian clams) 
form in summertime temperatures.
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Wilkinson (1978) suggest several possibilities: a) bacte-
rial tolerance to dim light conditions, b) photosynthesis 
continuing via reflected light, and/or c) the transfer of 
nutrients via interconnected filaments. Indeed, Braissant 
et al. (2003) showed that dormant cyanobacterial filaments 
can trigger carbonate precipitation via extracellular poly-
meric substances and amino acids in the absence of living 
cyanobacteria. This may occur in Ore Lake, but it is also 
possible that these occasional flat sides are instead simply 
consistent with turnover and transportation of pisoids. 
Certainly, if transport is occasional and irregular, it would 
be expected that non-symmetrical precipitation would 
occur as precipitation slows on the buried side. Given that 
most pisoids are relatively symmetrical, regular transport 
of most grains likely occurred. This is further supported by 
thin section observations described in the below section.

4.2. Thin section and microstructure interpretations

Banding, including concentric banding, within carbonate 
structures is common and often interpreted as indicating 
seasonal or annual cyclicity (Dahanayake, 1983; Cassanova, 
1986), varying biotic/abiotic influences (Richter & Sedat, 
1983), and/or variable precipitation rates (Noiriel et al., 
2012). Pisoids in Ore Lake display concentric banding of 
both porous and dense laminae that were suggested by 
Jones & Wilkinson (1978) to represent photosynthesis-in-
duced precipitation (rapid and porous) that forms during 
the summer, and abiotic precipitation in the fall and winter 
(slow and relatively dense). This interpretation is based on 
numerous cyanobacterial filaments seen within the porous 
layers and the lack thereof in the denser layers. We do 
agree that pisoid thin sections reveal that the more porous 
layers seem to include more apparent cyanobacterial 
structures. However, instead of wintertime precipitation, 
we suggest that the change in the porosity of lamina within 
Ore Lake pisoids is a result of a changing calcite precipita-
tion rate throughout the spring and summer seasons, and 
that it is therefore likely that all precipitation is influenced 
by microbially-induced photosynthetic effects. 

In general, the porosity of modern microbial carbonates 
is controlled by the amount of precipitation in and around 
cyanobacterial filaments (Wu et al., 2021). Wu et al. (2021) 
found that more rapid precipitation around cyanobacte-
rial filaments can create calcite ‘crusts’ (precipitation in 

contact with filaments), with the decay of organic matter 
creating porosity in-between via voids, and eventually 
‘mold holes’. In contrast, ‘inter-crustal’ precipitation 
(precipitation in contact with previously formed calcite) 
occurs when precipitation slows and results in a denser 
fabric (Wu et al., 2021). This conceptual framework is 
consistent with Ore Lake pisoid observations in this study. 
The lighter, more porous layers show more cyanobacterial 
structures in thin section (Figure 8) and likely result from 
calcite crust formation. The faster growth of the more 
porous layer is further supported by the larger (~ 0.1 mm 
wide) calcite crystals found occasionally within the layer 
(Figure 8). These are notably less common in the denser 
laminae and are consistent with more rapid crystal nucle-
ation and growth (Barth & Chafetz, 2015), as is expected 
in the higher alkalinity conditions of the early spring and 
summer months (Figure 5). The darker, less porous layers 
likely result from slower precipitation and associated inter-
crustal precipitation. 

Importantly, at the thin section scale we observe generally 
gradual changes from the more porous to more dense 
layers. For instance, Figure 8B shows a fan-shaped cyano-
bacterial growth within the matrix of a pisoid sample. The 
apex of this mass shows colonization within the porous 
layer, and an outward growth into the dense layer. Such 
overlapping of laminae shows that growth is relatively 
continuous across the boundary. It also indicates that 
microbial precipitation can be ongoing while a denser 
lamina forms. We therefore interpret both porous and 
relatively dense layers to be influenced by microbial 
communities (i.e., both are ‘biotic’ precipitation), with the 
change in the porosity resulting primarily from a shift in 
the precipitation rate. 

In contrast to these gradual transitions from more porous 
layers to more dense layers, the transition from a dense 
layer to a more porous layer is typically more distinct, 
with no observed features clearly extending across these 
boundaries. We therefore interpret these seemingly more 
abrupt shifts as a temporary cessation of precipitation. In 
summary, the gradual shift from porous (light) to dense 
(dark) laminae in Ore Lake pisoids likely represents a 
slowing precipitation rate as carbonate saturation in the 
lake water, and the amount of photosynthetic activity 
decreasing throughout the summer, until the end of 

Figure 7 | Gastropod shell grains in various stages of being coated by calcite precipitation. 
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precipitation in fall. A new more porous layer rapidly 
precipitates during the following spring, coinciding with 
revived photosynthetic activity. This model is further 
supported by the isotopic results, as discussed in the next 
section.

4.3. Stable Isotope interpretations

4.3.1. Carbon isotopes

Carbon isotope (δ13C) values show large variability across 
sample types, with mollusks as isotopically light as -9.1 ‰ 
VPDB, and pisoids as isotopically heavy as -1.1 ‰ VPDB 
(Figure 9). The average pisoid δ13C value of -3 ‰ is mark-
edly more positive than all mollusk values, with three out 
of the four mollusk shells measured having δ13C values 
lighter than -8 ‰. This large difference in δ13C values 
reflects important differences in how carbon is incorpo-
rated into these carbonates. Importantly, bivalve shell 
δ13C is thought to typically precipitate within a few ‰ of 
ambient dissolved inorganic carbon (DIC; McConnaughey 
& Gillikin, 2008). Although our study lacks water DIC δ13C 
measurements, the presumed approximate δ13C equilib-
rium of bivalve shells enables their use as a proxy for lake 
water DIC δ13C. Therefore, the positive shift in pisoid δ13C 
of as much as ~6 ‰, relative to mollusk δ13C, indicates a 
pisoid-specific carbon isotope fractionation produced 
during their formation.

The significant δ13C variability across pisoid samples of 
~3 ‰ could have many causes. As shown in Figure 10B, 
δ13C variability within single pisoid is smaller, averaging 
~0.6 ‰. This minor variability could plausibly in-part be 
due to variable amounts of organic decomposition within 
the pisoids. The larger δ13C range observed across samples 

is likely to be related to highly localized effects within the 
lake. These could include the amount of photosynthetic 
activity, variation in the rate of carbonate precipitation, 
and/or perhaps spatial differences in alkalinity (sensu 
Chagas et al., 2016). Importantly, despite this inherent 
variability, none of the pisoid measurements overlap with 
shell values. At the very least this several permil differ-
ence in δ13C highlights that the two carbonate types are 
precipitated in ways that fractionate carbon isotopes quite 
differently. 

Recent work has shown that microbialite δ13C values can 
reflect different factors in different fresh waters, including 
abiotic lake DIC values (Beeler et al., 2020), sediment type 
and microbial diversity (Ingalls et al., 2020), mixing of water 
sources (e.g., thermal and fresh water; Lencina et al., 2023), 
and carbonate dissolution paired with photosynthesis 
(Wang et al., 2022). The particular δ13C value of a given 
microbialite reflects a combination of lake water chemistry 
(especially Ca/Alk ratios) and biological effects such as 
photosynthesis (Chagas et al., 2016; McConnaughey, 
1989).

Our somewhat limited view of the Ore Lake carbon system 
(lacking direct lake DIC measurements) inhibits our ability 
to attribute all the carbonate δ13C variations we observed 
to specific factors. However, when interpreting the bivalve 
δ13C data as an approximation of Ore Lake DIC δ13C, we 
observe a large positive fractionation that is consistent 
with photosynthetic effects. Preferential incorporation of 
12C in organic material is expected during photosynthesis 
(e.g., McConnaughey, 1989), thereby resulting in higher 
δ13C values in carbonate formed in association with cyano-
bacteria (in this case carbonates formed in the pisoids). 
This interpretation supports our assertion that pisoid 

Figure 8 | Thin section images of a pisoid at 40x magnification. Slides are impregnated with blue dye indicating pore space. A: initial 
layering nucleating on a gastropod shell. B: Algal filaments are observed to be growing across an apparent light/dark boundary, implying 
continuous growth.
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growth does not occur abiotically in significant amounts, 
as all pisoid δ13C measurements are consistent with 
photosynthetic processes. Similar magnitudes of positive 
δ13Cenrichment relative to lake DIC have been observed 
in other examples of studies photosynthetic microbial 
carbonate formation (e.g., Cangemi et al., 2016). These 
data are also consistent with regular transport, in that 
precipitation is likely to have occurred primarily on light-ex-
posed sides. Indeed, the lack of differentiation between 
isotopic values (both δ13C and δ18O) for pisoids collected 
in different parts of the lake (Figure 9) further suggests 
that grains are transported during growth, as opposed to 
forming in discrete, stationary microenvironments.

4.3.2. Oxygen isotopes, temperature, and timing of 
formation

In contrast to the carbon isotope data, δ18O values for Ore 
Lake mollusks and pisoids conform, with mollusk data (-7.2 
to -6.4 ‰ VPDB) fitting entirely within the pisoid range (-8.3 
to -6.3 ‰ VPDB). Although the average shell aragonite 
δ18O value (-6.8 ± 0.3 ‰) is more positive than the average 
pisoid calcite δ18O value (-7.5 ± 0.5 ‰), this discrepancy 
can be largely explained by mineralogical differences. In 
25°C water for example, calcite δ18O is expected to be 
approximately 0.5 ‰ lighter than aragonite (Grossman 
& Ku, 1986; Kim & O’Neil, 1997). If we make the reason-
able assumption that mollusk values reflect approximate 
oxygen isotopic equilibrium (Wannamaker et al., 2006), 
then the pisoids must also reflect equilibrium conditions. 
These data further imply that shell and pisoid carbonate 

growth occur under very similar temperatures and δ18Owater 
conditions, and therefore at similar times of year (Figure 6).

Indeed, temperatures derived from pisoid and lake water 
δ18O values indicate: 1) that carbonate precipitation 
occurs primarily within the summer months; and 2) within 
~3 m of the surface. 85 % of the estimated temperatures 
from pisoid δ18O indicate waters in excess of 22° C, and all 
data exceed 19°C (Figure 10A). These warm temperatures 
are consistent with expected surface water temperatures 
for an inland lake in Michigan during the summer, and 
align with available Ore Lake temperature data from 
May through September (Supplemental 4). Although 
winter formation of carbonate in freshwater lakes has 
been directly observed (e.g., Coxon & Coxon, 1994), and 
has been suggested as occurring in Ore Lake (Jones & 
Wilkinson, 1978), our data show no evidence for cold 
water precipitation.

The lack of major δ18O variability within and between 
separate pisoids also strongly supports formation solely 
during the warm season. A small amount of apparent 
temperature seasonality within individual grains (2 – 5°C) 
is recorded in our higher resolution sampling of four 
pisoids (Figure 10A; if we attribute 100 % of their δ18O 
variability to temperature change). In reality, an amount 
of this variation comes from δ18Owater variability, and so 
ambient temperatures during porous and dense layer 
precipitation are remarkably constant for a given pisoid. 
This is consistent with growth across multiple summers 
and cessation during colder periods, as we suggest above. 
And while our warm calculated temperatures should be 
considered estimates, calculations using a more negative 
δ18Owater value than measured at the lake in summer and 
fall within this study, result in non-sensical temperatures. 
For example, using our wintertime δ18Owater measurement 
(-7.8 ‰ VSMOW) for temperature calculation with pisoid 
δ18O values results in an average of ~14°C, which is 
much warmer than actual wintertime conditions (~0°C; 
Cooperative Lakes Monitoring Program, 2019). Ultimately, 
the lack of any more positive δ18O outliers (indicating 
colder temperatures) strongly suggests that very little 
precipitation occurs during the winter.

To define the timing of pisoid formation in Ore Lake more 
precisely than simply during the warm season, we can also 
consider the seasonal alkalinity cycles that are linked to 
carbonate precipitation in the lake. Historical data from Ore 
Lake (Fusilier, 1987, 1999) shows an increase in alkalinity at 
the beginning of the spring season, and a decline during 
the summer months (from 242 to 169 ppm). A decrease 
of alkalinity in freshwater lakes generally is often due to 
carbonate precipitation through dissolved CO2 loss to 
the atmosphere and photosynthetic processes by aquatic 
organisms (López-García et al., 2005). Carbonate satura-
tion then begins to increase within the lake water during 
the fall and winter months, as photosynthetic organisms 
decrease and winter stratification begins. Müller et al. 
(2003) found that the total loss of inorganic carbon within 

Figure 9 | Carbon and oxygen stable isotope data for all samples. 
No difference was observed between pisoids collected at or near 
the southern spit deposit (black circles) and those collected else-
where (grey circles). Bivalve values (green squares) are overlapped 
by pisoid δ18O values entirely, but have very different δ13C values 
likely due to photosynthetic effects. Error bars (~0.1‰) are smaller 
than points.
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lakes with a high dissolved mineral content is directly 
proportional to the amount of calcite precipitated, further 
connecting a decrease in alkalinity during the summer 
months to increased calcite precipitation. Considering 
both the known cyclical nature of alkalinity within inland 
lakes, and the δ18O results, we suggest that the timing of 
formation of pisoids in Ore Lake is from late spring (late 
May) through the summer, and perhaps through and into 
September. Because of the carbonate and bicarbonate 
depletion during the summer, we posit that the lower 
temperatures observed (~19 – 23°C) may represent late 
spring precipitation when alkalinity first declines.

4.4. Proposed model of pisoid formation in Ore Lake

Below we suggest a model for Ore Lake pisoid formation 
that is consistent with our data (Figure 11):

1.	 During fall and winter stratification, lake water alka-
linity and carbonate saturation rebound from the 
summer minima, reaching maximum by spring (as in 
Figure 5).

2.	 As the temperature rises, cyanobacteria begin to 
populate on pisoids, shells, grains, and other debris 
within shallow waters, likely on the wide topographic 
bench on the eastern side of Ore Lake. Carbonate 
saturation at this time is at or near maximum. Following 
this, carbonate precipitation occurs readily and more 

rapidly. This results in a porous layer due to calcite 
forming crusts around cyanobacterial filaments, but 
little inter-crustal precipitation occurs. This rapid 
precipitation also results in the larger calcite crystals 
observed within this layer.

3.	 As cyanobacteria continue to increase in population, 
the saturation decreases as carbonate continues to 
precipitate, with continued growth on pisoids being 
increasingly dependent on photosynthetic effects 
in the micro-environment immediately around the 
grain. An overall decrease in carbonate saturation 
thus decreases the precipitation rate of calcite 
crusts around cyanobacterial filaments. This slower 
precipitation rate allows more time for inter-crustal 
precipitation to occur, beginning the transition of 
from the formation of porous layers to the formation 
of dense layers. 

4.	 By the end of summer, some precipitation still occurs, 
but it has been significantly reduced due to both 
carbonate saturation and the amount of photosyn-
thesis beginning to decrease towards autumn. Any 
precipitation occurring is likely inter-crustal, which 
continues to create the dense layers of the pisoid. By 
the autumn and winter, many cyanobacterial filaments 
that are not encrusted in calcite begin to decay, which 
results in an increase in porosity. 

5.	 Throughout the year, the flow in Ore Lake and storm 
events cause pisoids to be relatively consistently 
transported throughout the lake. The rate of this 
is dependent on both the size of pisoid, as well as 
flow rate and energy within the lake basin. During 
spring and summer, this transportation facilitates the 
precipitation on most sides of most pisoids, resulting 
in largely symmetric and sub-spherical morphologies. 
Occasionally, pisoids are not transported due to their 
size or local effects of obstructions, creating an asym-
metric layer.

6.	 This cycle repeats into the next spring, where the 
porous layer is deposited on the previous year’s 
dense layer, creating an abrupt contact within the 
microstructure.

4.5. Ore Lake pisoids in context

Laminated grains with similar morphologies have been 
described across the geological record (e.g., Dunham, 
1969; Simonson & Jarvis, 1990; James et al., 2005; Robins 
et al., 2015; Chafetz et al., 2018; Laita et al., 2020). The 
depositional environment of these grains has been inter-
preted in very different ways, from vadose precipitation 
(Dunham, 1969) to lagoonal evaporative precipitation 
(Simonson & Jarvis, 1993), to near-freezing ocean precipi-
tation (James et al., 2005). Certainly, the specific details of 
the environment of formation in Ore Lake described here 
differ from many grains with similar morphology. However, 

Figure 10 | Higher resolution stable isotope data taken across 
4-5 layers from four pisoid samples. A: δ18O data, with conversion 
to temperature as described in the text. Whilst all temperatures 
imply warm season precipitation, minor fluctuations may indicate 
inter-annual variability. B: δ13C data that also suggests inter-annual 
variability, particularly in the largest sample (SP1). 
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our observations provide useful data from multiple 
perspectives in a modern freshwater setting. For example, 
our oxygen isotope data show that pisoid structures can 
form in approximate isotopic equilibrium with ambient 
waters. Indeed, it is possible that similar unaltered grains 
in the geological record (while rare) would accurately 
record past water and temperature conditions. These data 
also reveal that wintertime precipitation is likely insignifi-
cant in Ore Lake and therefore large temperature shifts 
are not required for concentric banding to form, as local 
biological and chemical shifts can induce these changes 
under consistently warm conditions. Simultaneously, 
our carbon isotope data strongly suggest that Ore Lake 
pisoid formation is facilitated by microbial photosynthetic 
processes. This has been similarly reported in other cases 
(Barth & Chafetz, 2015; Mors et al., 2022), and concentric 
precipitates likely form in many other freshwater settings, 
given the general abundance of microbial carbonate 
precipitation (e.g., Benzerara et al., 2014). The Ore Lake 
depositional environment can therefore serve as a key 
analogue and point of comparison for explaining the 

origin of other large concentric grains in the geological 
rock record.
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