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Abstract

Microbialites are a product of trapping and binding of sediment by microbial communi-
ties, and are considered to be some of the most ancient records of life on Earth. It is
a commonly held belief that microbialites are limited to extreme, hypersaline settings.
However, more recent studies report their occurrence in a wider range of environments.5

The goal of this study is to explore whether microbialite-bearing sites share common
geochemical properties. We apply statistical techniques to distinguish any common
traits in these environments. These techniques ultimately could be used to address
questions of microbialite distribution: are microbialites restricted to environments with
specific characteristics; or are they more broadly distributed? A dataset containing10

hydrographic characteristics of several microbialite sites with data on pH, conductiv-
ity, alkalinity, and concentrations of several major anions and cations was constructed
from previously published studies. In order to group the water samples by their natural
similarities and differences, a clustering approach was chosen for analysis. k means
clustering with partial distances was applied to the dataset with missing values, and15

separated the data into two clusters. One of the clusters is formed by samples from
atoll Kiritimati (central Pacific Ocean), and the second cluster contains all other ob-
servations. Using these two clusters, the missing values were imputed by k nearest
neighbor method, producing a complete dataset that can be used for further multivari-
ate analysis. Salinity is not found to be an important variable defining clustering, and20

although pH defines clustering in this dataset, it is not an important variable for micro-
bialite formation. Clustering and imputation procedures outlined here can be applied
to an expanded dataset on microbialite characteristics in order to determine properties
associated with microbialite-containing environments.
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1 Introduction

Microbialites, organo-sedimentary deposits formed by the trapping and binding of sed-
iment by benthic microbial communities, or by microbially-induced precipitation of min-
erals (Burne and Moore, 1987), constitute a class of lithified structures that form as
a result of microbial activities. Found in the rock record, microbialites (stromatolites) are5

thought to be the earliest evidence for life on Earth (Walter, 1976; Semikhatov et al.,
1979; Hofmann et al., 1999; Riding and Awramik, 2000; Allwood et al., 2006). Despite
their high profile in the geobiologic community, much about microbialites is enigmatic.
Although they are perceived by some as being limited to harsh environments (i.e. high
salinity which may exclude certain types of metazoa), a survey of the literature shows10

they frequently occur in aquatic systems that do not exhibit such extreme properties
(e.g. Grotzinger and Knoll, 1999; Lim et al., 2009; Petryshyn et al., 2012) If salinity is
not the controlling factor in microbialite distribution, what is? Is there a characteristic set
of geochemical properties common to sites where microbialites are actively forming?

In order to discern whether clustering techniques can be used to address these15

questions, we have created a pilot dataset from published studies on bodies of water
containing actively accreting microbialites. Each published study we used focused on
a specific set of geochemical or physical characteristics of an aquatic environment,
such as the concentration of certain chemical species in the water. Combining data
from each publication led to the overall dataset, with variables consisting of geochemi-20

cal measurements and observations from various bodies of water (hereafter referred to
as sites). The resulting dataset has numerous “holes” due to differences in geochemi-
cal collection and measurement strategies. Disregarding incomplete observations from
data analysis would ignore valuable information; a more preferable strategy is to im-
pute the missing values. We therefore focus on clustering methods, which can reveal25

any natural structure or similarities between the sites and can also be used to impute
missing values. Once clusters are created, missing items can be estimated based on
the characteristics of the cluster to which they belong. We use this clustering tech-
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nique to examine the role of salinity and pH in controlling microbialite formation. As
described above, salinity is thought to be an important variable for microbialite growth.
Additionally, pH is known to be relevant for carbonate mineral precipitation and can
also influence the ecology/microbial population of an environment.

2 Locality information5

2.1 Microbialite-forming sites

In order to develop a method that could be used in the future for a more detailed
analysis, we selected sites with the most complete geochemical datasets or obser-
vations (i.e., sites that are very well characterized geochemically). Microbialite-bearing
sites were chosen from three different environments for this investigation: Pavilion Lake10

(freshwater lacustrine), atoll Kiritimati (hypersaline marine), and German karst streams
(alkaline riverine). Also, as a control, samples from Stinking Springs, Mono Lake, and
seawater were added. The variable set was restricted to 12 most commonly measured
features: concentrations of Ca2+, Mg2+, SO2−

4 , K+, Na+, Si, Cl−, Sr2+, Ba2+, as well as
pH, conductivity, and alkalinity. All sites are reported to have actively precipitating mi-15

crobial carbonates. The lack of extensive hydrographic data for other lakes precluded
their being used in this study.

2.1.1 Pavilion Lake

Pavilion Lake is a groundwater fed freshwater lake in British Columbia, located 450 km
northeast of Vancouver. The lake has an area of roughly 5.7km×0.8km, and a mean20

pH of 8.3, (Lim et al., 2009; Brady et al., 2010). Several different morphologies of
microbialites are found at a variety of depths in Pavilion Lake, ranging from 5 to 55 m
depth (Laval et al., 2000; Lim et al., 2009, 2011; Petryshyn et al., 2015). Microbialites
range from several centimeters to meters in height, and consist mainly of fine-grained
carbonate (micrite) (Fig. 1a and b). Pavilion Lake microbialites are thought accrete25
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predominantly via in situ carbonate precipitation, with little to no input coming from
the trapping and binding of detrital carbonate (Laval et al., 2000), indicating that these
microbialites should both be influenced by and record the geochemical conditions of
the lake. Extensive geochemical characterization of the lake has been carried out by
the Pavilion Lake Research Project (PLRP).5

2.1.2 Atoll Kiritimati

Microbial carbonates were discovered to be actively accreting in several lakes on the
atoll Kiritimati, an equatorial raised coral atoll located in the Central Pacific Ocean
(formerly called Christmas Island; Arp et al., 2011). The atoll, the largest in the world
by land area (Valencia, 1977), is part of the Republic of Kiribati, and is located in the10

equatorial dry belt (1◦55′N, 157◦25′W). Several lakes ranging from nearly fresh to
hypersaline occupy the inner atoll (Saenger et al., 2006), though for this study we are
focusing on those sampled by Arp et al. (2011).

Most of the microbialites in atoll Kiritimati accrete in hypersaline and hydrologically
closed lakes which are cut off from seawater reflux, but are susceptible to spillover15

during periods of high sea level (Arp et al., 2011). The thicknesses of the microbialites
vary. All are typically found underneath 3–5 cm thick microbial mats in shallow (20–
50 cm depth) water. Near shore, microbialites are thin (< 1 cm), but they can grow to
∼ 50 cm offshore (20 m from the water line). Microbialites are often interbedded with
2–5 cm thick gypsum layers, which are most prominent in the middle of the struc-20

ture (Arp et al., 2011). The structures are made up of 1–4 cm thick layers of vertical
aragonite sheets and appear to form within the exopolymeric matrix of the microbial
mats (Fig. 1d). While the lakes are supersaturated with respect to aragonite, only trace
amounts of the mineral precipitate on top of the microbial mats. Instead, the bulk of
the microbialites form lower in the mat, at the transition to the anoxic zone. This is25

quite a different formation environment from the other environments characterized in
this study.
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2.1.3 German Karst Streams

Four German streams consisting of alkaline karst water were also included in the data
set (see Figs. 1 and 2 in Arp et al., 2010):

1. The Westerhöfer Bach, located west of the Harz Mountains, ∼ 27 km northeast of
Göttingen. The stream is less than 2 m wide, and is fed by a spring discharging5

from an aquifer in the Middle-Triassic Muschelkalk Group.

2. The Deinschwanger Bach on the western maring of the Franconian Alb (roughly
30 km southeast of Nürnberg). Its main springs discharge from the base of the
Weißjura Group aquifer (Upper Jurassic limestones underlain by clays of the Mid-
dle Jurassic Ornatenton Formation). The maximum width of the stream is two10

meters.

3. The Reinsgraben, near the eastern margin of Göttingen. The stream is similar to
the Westerhöfer Bach, in that it is also fed from the Middle Triassic Muschelkalk
Group aquifer.

4. The Steinerne Rinne, 1.3 km south of Erasbach, southern Franconian Alb. The15

stream is fed by the Weißjura Group aquifer, like the Deinschwanger Bach.

Each stream is home to a diverse community of cyanobacteria and eukaryotes (mostly
diatoms), and is actively precipitating “tufa stromatolites” (laminated microbialites). The
spring waters feeding these streams all have a higher pCO2 than the atmosphere,
and thus rapidly degas when leaving the spring site. This results in a rapid rise in20

pH, as well as an increase in carbonate ion activity in the water, leading to calcium
carbonate supersaturation. However, CaCO3 does not readily precipitate in the streams
until a ten-fold supersaturation is reached. Photosynthetic bacteria in these streams
aid in the precipitation of calcium carbonate by either providing an organic template
on which to nucleate, or locally increasing alkalinity to the point where precipitation25

proceedes on its own (Arp et al., 2010).
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“Tufa stromatolites” vary from site to site, but generally have a pattern of alternat-
ing porous and dense lamination. This dense/porous couplet is thought to represent
one year of deposition, with porous laminae being deposited in the winter/spring, and
the dense laminae accreting in the summer/autumn (Arp et al., 2010). The pairs of
laminations vary in thickness between sites. The lamination couplets range from 1.6–5

5.4 mm in the Westerhöfer Bach, and 3.9–7.6 mm thick in the Deinschwanger Bach.
In all cases, the porous layers are thinner than their dense counterparts, and included
organic and quartz detritus. The lamination contacts from porous to dense are grada-
tional rather than sharp, while contacts from dense to porous are unstable and were
often broken during analysis (Fig. 1c, Fig. 13 in Arp et al., 2010).10

2.2 Non-microbialite-forming sites

In addition to microbialite-forming sites, several “outgroup” sites are included in the data
set: a warm saline spring that has microbial carbonate, but no microbialites; a highly
alkaline lake with inorganic tufa towers, and, as a control, data for average seawater.

2.2.1 Warm saline springs – Stinking Springs, Utah, USA15

The Stinking Springs is a warm (∼ 48 ◦C), sulfur-rich saline bicarbonate spring in Box-
elder County, Utah, USA (Bonny and Jones, 2007). There is microbially-mediated car-
bonate production in Stinking Springs, however it all takes place within the ubiquitous
bacterial mats that line the spring channels, and true microbialites are not formed.
Geochemical data was taken from Bonny and Jones (2007). Additional data was col-20

lected by the International Geobiology Course in 2012 and 2013 (Metzger et al., 2013;
Monteverde et al., 2013).

2.2.2 Highly alkaline lake – Mono Lake, California, USA

Mono Lake is a highly alkaline, closed basin lake located east of the Sierra Nevada
mountain range in central California. The lake is fed by groundwater and freshwater25
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streams. Near the shore, calcium carbonate (calcite and aragonite) precipitates where
calcium-rich groundwater seeps in an mixes with the high-pH, CO2−

3 rich lake water
(Nielson and DePaolo, 2013), forming large tufa towers that grow upward from the lake
bottom. While Mono Lake is known to be a microbially-rich environment, the forma-
tion of its extensive tufa towers is understood to be a purely inorganic process (Dunn,5

1953; Scholl and Taft, 1964). The lake itself is highly oversaturated with respect to cal-
cite (Saturation index> 20), most likely due to carbonate inhibition by high phosphate
content (Bischoff et al., 1993).

2.2.3 Average seawater

Aside from places such as Shark Bay in Australia and the Bahamian bank, microbialites10

are not reported to form in modern marine environments. In order to have a control, we
have chosen to include the values for average open ocean water in our dataset.

3 Statistical analysis

By statistically comparing the geochemistry of the above sites, some of which form
microbialites, some of which form microbial carbonate (but not microbialites), some of15

which have inorganic carbonate precipitation, and a control group, we aim to discern
which characteristics are the most important to the formation of microbialites. We have
specifically chosen these sites because they are all characterized extensively and rep-
resent a wide variety of depositional environments.

However, there is not perfect overlap in the geochemical parameters measured (i.e.,20

not all parameters were measured at all of the sites), and therefore there are some
gaps in the data or holes in our initial data set (Table 1). Traditional k means clustering
method cannot be directly applied to dataset with missing values. In order to account
for this, a different approach, suggested by Himmelspach and Conrad (2010), is ap-
plied here. The authors modified a k means algorithm to use a partial distance instead25
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of a traditional Euclidean distance measure. This requires little modification to the al-
gorithm, and allows us to use all available information from both complete and partially
observed items.

Simiarly, we apply k means clustering based on partial distance to our dataset which
allows us to not omit observations with missing values. This technique has not yet been5

used on biological/chemical systems, as far as we are aware. A clustering approach
is appropriate because it can aid in the identification of any common traits among
the microbialite sites, and it serves as the basis for imputation or filling in missing
geochemical parameters at a site. Here, missing values are imputed by the mean of
their neighbors in a cluster.10

3.1 Exploratory analysis

First, to visualize any obvious patterns in the data, some exploratory plots were made.
All variables were standardized for comparison (see Table 1). To visualize patterns
within sites for each variable, a parallel coordinates plot was generated (Fig. 2). The
horizontal axis contains all 12 variables (each variable with its own vertical axis).15

A few observations are immediately apparent. First, Kiritimati appears to stand apart
from the rest of the sites. Within Kiritimati, sample measurements vary greatly, almost
creating two separate clusters – one with high pH, and high concentrations of Mg, Ca,
a high alkalinity, and one with low values for these parameters. The rest of the sites
tend to follow more or less the same pattern, with the exception of Pavilion Lake having20

much lower alkalinity. Also, most of the variance in Pavilion Lake can be concentrated
in two variables – in Si and Ba concentrations (Fig. 2).

At non-microbialite forming sites, some measurements also stand out from the rest
of the observations. As expected, seawater (Fig. 2, light blue) differs from the rest in
several parameters: pH, Ca, Ba, and K concentrations. Mono Lake (orange) measure-25

ments appear to be significantly different in most variables as well. Finally, Stinking
Springs (red) does not appear to differ as much from the microbialite-bearing sites as
the other two sites.
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A different way to potentially assess similarity between observations is a dendro-
gram (a visualization of hierarchical agglomerative clustering; Fig. 3). Each observa-
tion starts out as its own cluster, and then is joined to its closest neighbor based on
some distance measure. From Fig. 3, it is obvious that Pavilion Lake tends to sepa-
rate from other sites by forming a cluster unto itself; German streams combine into5

another group, along with samples from atoll Kiritimati. Even though Kiritimati stands
out as a separate cluster, it is joined with German streams sooner than with Pavilion
Lake, suggesting more similarities with the streams than with the samples from Pavil-
ion Lake. As it was with the parallel coordinate plot, Mono Lake and seawater samples
separate out from the rest of the observations as having little similarities. Interestingly,10

the Mono Lake branch is not joined with any other sites until the highest level of the
tree, indicating the lack of any significant similarities between this lake and other sites
at hand.

3.2 Clustering

Once general trends were established, k means clustering was applied in order to15

separate the data into a number of distinct clusters. This separation gives further insight
into the differences and similarities between observations and will be later used for
imputation of missing values. k means is a divisive clustering algorithm that separates
a variable amount of data into k number of groups by minimizing the distance between
observations and the cluster’s center (within sum of squares, Johnson and Wichern,20

2001). The algorithm requires k (the number of clusters) to be known in advance,
which is rarely the case in practice. A number of techniques have been developed
to estimating k; here we use a simple silhouette plot as well as a pseudo-F statistic
(described below).

To search for the best number of clusters, one can compare some measure of good-25

ness of observations’ classification across different values of k. One such measure,
suggested by Kaufman and Rousseeuw (1987), is a cluster silhouette. It is a simple
visual way to determine the optimal number of clusters based on minimizing distance
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between observations in the same cluster while maximizing separation between the
clusters.

Let observation i be classified as a member of cluster A. The silhouette value s(i ) is
defined as

s(i ) =
b(i )−a(i )

max(a(i ),b(i ))
5

where a(i ) is the average distance of i to all other observations in A and b(i ) is defined
as minimum average distance of i to all observations in clusters other than A. The
number of clusters that maximize average silhouette can be used as the k in k means
algorithm.

For our data, a silhouette plot was calculated for the number of clusters ranging from10

2 to 10 (Fig. 4). Based on the silhouette plot, it appears that the optimal number of
clusters is three. However, the silhouette width for k = 3 and k = 2 are similar (0.948
and 0.931), indicating that the data could be represented with either 2 or 3 clusters. This
lack of distinct separation is explained when we look at cluster composition. Cluster 1 is
composed of some observations from Kiritimati samples, cluster 2 is entirely comprised15

of samples from Mono Lake, and the rest of observations compose the third cluster.
This confirms the exploratory analysis, which both identified Mono Lake as the most
divergent from all the other sites, and separated the Kiritimati sites into two distinct
groups.

3.3 Hypothesis test on number of clusters20

In addition to determining the optimal number of clusters, it is of interest to ask whether
any clustering is beneficial/relevant, or if all water samples should be treated as one
pool of observations (k = 1). This is equivalent to testing the following hypothesis:

H0 : k = 1 Ha : k > 1.

In particular, we first consider the hypothesis with both k = 3 and k = 2.25
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A number of techniques for such a test have been suggested in literature. We chose
a test based on a pseudo F test statistic. Let “WSS” and “BSS” be defined as “Within”
and “Between-cluster Sum of Squares”, respectively. Here n is the number of points
being clustered. Then, Calinski and Harabazs (1974) define:

F =
BSS/(k −1)

WSS/(n−k)
(1)5

and suggest using it as an informal test statistic (also referred to as the CH index).
Cavalli-Sforza (1965) also used this criteria in a context of multivariate cluster analysis.

The pseudo F statistic above for both k = 3 and k = 2 was found to be less than
0.0001. Thus, there is evidence to reject the null hypothesis; separating data into 3 (or
2) clusters appears to be more beneficial than considering all observations as a uniform10

pool.
Naturally, a question arises that if k = 3, 4, or more clusters would better fit the data

than k = 2. Calinski and Harabazs (1974) suggest choosing k for which the CH index
reaches a global or a local maximum, or at least has a rapid increase. A plot of the CH
index as a function of the number of the clusters reveals that 2 clusters appear to be15

a significantly better choice than any other number up to 10 (Fig. 5).
A natural separation of data into 3 clusters makes sense intuitively – we have ob-

served from the parallel coordinate and dendrogram plots that Kiritimati and the non-
microbialite bearing sites (Mono Lake, seawater, Stinking Springs) appear to be dif-
ferent from the rest (and from each other). Looking at average silhouette widths for20

2 cluster shows a high silhouette width for k = 2 indicating well placed observations
to a cluster. On the other hand, for k = 3, cluster separation is less defined (Table 2).
This hints that one of the three clusters might be formed by observations from the
non-microbialite group, and the other two by actual pattern of dissimilarity within data.
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3.4 k means clustering

We applied a modified version of a k means algorithm with k = 2. Since a traditional k
means analysis is based on Euclidean distance and cannot handle data with missing
values, we modify the algorithm to use partial distance instead, and therefore utilize all
available information (Himmelspach and Conrad, 2010). Note that a more robust ver-5

sion of k means analysis based on clustering around medoids is used here (Kaufman
and Rosseauw, 1987). A medoid is an object representative of a cluster such that total
dissimilarity of all objects to their nearest medoid is minimal. An example of a medoid
is a cluster mean.

Partial distance (dpart) between observations x = x1. . .xi . . .xp and y = y1. . .yi . . .yp in10

a p dimensional space is computed as follows (Himmelspach and Conrad, 2010):

dpart(x,y) =
p

p−Σp
i=1bi

∑
for all i : bi=0

(xi − yi )2

where{
bi = 0, if xi ,yi are observed

bi = 1, if xi ,yi are observed

and i = 1, . . .,p.15

k is the pre-determined number of clusters and n is the number of observations. The
clustering algorithm proceeds as follows:

1. Construct initial medoids m1, . . .,mk (i.e. cluster centers) to minimize the sum
of all distances between observations in a cluster and cluster’s center. Assign
observation i to cluster k based on the minimum dpart(i ,mk).20

2. Let i be an observation belonging to cluster C, j observation not in C.

Swap i and j cluster membership if doing so will decrease the objective function. Re-
peat until convergence. After applying this algorithm to the data, three clusters emerge.
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One cluster is composed of 6 observations from atoll Kiritimati, the second of Mono
Lake samples, and the third cluster consists of all other observations. In particular, the
6 observations from Kiritimati are characterized by high concentration of Ca and Mg.
Separation of one of the control groups into its own cluster confirms our intuition.

3.5 Clustering a subset of data5

We explored which data features (i.e. variables) might be responsible for the observed
clustering of Kiritimati samples. In order to find out what variables contain the most
information useful for clustering, k means clustering was applied to the set of 6 most
complete variables and the resulting cluster assignment was compared to that of the
whole dataset. This new set was narrowed in order to determine how many and which10

variables of the original set could be removed while still retaining the original clustering
assignment.

The analysis began by identifying the most complete variables (pH, Ca, Mg, Con-
ductivity, K, Na), deleting incomplete observations (resulting number of rows= 144)
and applying clustering to the subsequent dataset. The clustering resulting from these15

six variables is identical to that of the whole dataset with partial distances (two clusters,
six observations from Kiritimati forming its own cluster). This suggests that the deleted
variables that were left out of this clustering analysis did not add any significant infor-
mation to the structure.

Next, we tested to see if any of the six complete variables could also be omitted20

without changing the clustering structure. In fact, clustering each combination of two
out of the six variables (but excluding pH) lead to the clustering assignment identical
to that of the whole data set. In other words, restricting the dataset to contain only the
information of two variables in Table 2 will produce two clusters, with one of the groups
being the 6 observations from Kiritimati. The same holds for combinations of three25

variables: any combination of three variables, except for those combinations containing
pH, produces the same clustering assignment. Combinations containing pH produce
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three clusters: two original clusters and a third cluster containing 26 observations from
all sites.

When clustering any four variables at a time, resulting cluster assignment is identical
to that of clustering six variables (or the whole dataset), even for combinations con-
taining pH. So any third variable combined with pH and another variable (or with any5

two variables) will produce two clusters as when clustering the whole dataset. Using
correlation between the six most complete variables, a dendrogram was constructed
to show the similarity between the variables (Fig. 6). pH once again appears separate
from the other five variables. In the remainder of this paper, we use the clustering in-
formation to fill in the gaps in the dataset (i.e., impute the missing values), explore the10

meaning of the variability of pH clustering, and interpret our findings in the context of
the original research question.

3.6 Imputation/filling in data gaps

Now that the data are separated into two distinct groups, cluster information can be
used to fill in data gaps by imputing the missing values. A number of imputation pro-15

cedures have been developed and used extensively in the literature. In this case, we
use the basic idea that observations in a given cluster are similar to each other, and
therefore missing values can be imputed by a simple cluster mean of that variable.
For this data, a non-parametric k nearest neighbor imputation (KNN) (Dixon, 1979;
Troyanskaya, 2001) was chosen. This method does not make any assumptions about20

distribution of the data and whether observations are missing at random.
KNN imputation borrows from the simple idea of similarity between the features

based on some metric, such as Euclidean distance. If a value in column is missing,
then k nearest neighbors are found based on Euclidian distance and the average of
these neighbors are used to fill in the missing value. This technique produces a com-25

plete dataset that can be used.
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4 Discussion of controls on microbialite formation

One would assume when first considering these vastly different environments, that
each site would form a distinct cluster, or perhaps that clusters would change based
on which variables in the analysis were considered. We suspected that a pattern would
emerge, converging on a variable or set of variables that unite microbialite-forming5

environments. However, this was not the case.
A few surprising results came out of the statistical analysis of this dataset:

1. Despite the wide range of variables and environments in the initial dataset, three
distinct clusters were formed.

2. All of the sites with microbialites (or at least significant microbial carbonate) clus-10

tered together, away from Mono Lake.

3. It was found that pH is almost solely responsible for determining the clustering
pattern of the observations.

4. Mono Lake is the most distinct group of those analyzed, with seawater and a clus-
ter of Kiritimati samples falling out as the next most distinct group.15

5. Samples from atoll Kiritimati show the biggest variation within their own site. One
cluster of Kiritimati samples is completely separate from all other sites (grouped
with seawater), while the others form a cluster with the German karst streams

6. Stinking Springs, which was included as a control, grouped closely with Pavilion
Lake, a wildly different setting.20

4.1 Clustering

These very distinct environments, when put through rigorous statistical analysis, only
seem to be differentiated significantly through pH. Mono Lake naturally separates out
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because it has the highest pH of all the sites. However, this does not make pH the
dominant control on microbialite formation.

Quite the opposite, this result indicates that pH has no control on microbialite for-
mation, so long as reasonable conditions for the precipitation of calcium carbonate are
met. This may seem an unexpected finding, as high pH and the exclusion of grazing5

metazoa is thought to be one of the main reasons microbialites are found in alkaline
systems today. It is of note that microbialites are known to form in waters with a very
wide spectrum of pH including highly alkaline lakes, in normal seawater, and in acid
mine drainages.

Table 1 includes the range of each variable by microbialite site. Samples from atoll10

Kiritimati not only cluster on their own, but have the widest range of across all vari-
ables, as is seen in Fig. 2 (explained by local conditions of the aquatic environment
from which the samples were taken in the original study). Samples within this cluster
separating loosely into two distinct groups; one with low concentration of Ca, Mg, and
salinity, and one with high values for those given variables. The overall distinct clus-15

tering of the samples from atoll Kiritimati should be explainable by the fact that these
microbialites are aragonite, and marine (and thus cluster with seawater), while the rest
are terrestrial, and calcite. The high Mg concentration of the marine environment leads
to the precipitation of aragonite. However, as seen in the Fig. 6, Mg concentration does
not affect the clustering relationship of the sites, only pH does. Figure 2 shows that20

a subset of Kiritimati samples have high contents of many major ions (Ca, Sr, K, Na).
The combination of all of those variables may be enough to distinctly separate this
group.

The location of Stinking Springs in the clustering analysis was unexpected. The warm
saline spring clusters most closely to Pavilion Lake, a slightly alkaline freshwater sys-25

tem. From Fig. 2, it appears that their clustering similarity is caused by both pH and
their silica content.
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4.2 Biological processes as possible variables of importance

There could be other variables not included in our analysis that account for microbialite
formation. Are the types of bacteria or the community structures similar in all the envi-
ronments? Are a combination of certain phyla needed to produce microbialites?

Pavilion Lake microbialites are covered in mats dominated by filamentous cyanobac-5

teria (Oscillatoria sp., Calothrix sp., Pseudoanabaena sp., and Fisherella sp.). Het-
erotrophs and diatoms are also present in large quantities (Gomphonema, Cyclotella,
and Achnanthes) (Laval et al., 2000). Microbialite-produce mats from atoll Kiritimati
are layered and diverse, with some sections dominated by cyanobacteria (such as
Leptolyngbya, Cyanothece, Entophysalis and Spirulina; Arp et al., 2011). Given the hy-10

persaline nature of the environment, there is a bias towards more salt-tolerant species.
Empty diatom test (genus Navicula) are found in the mat, though no eukaryote-specific
assays were performed (Arp et al., 2011). German stream tufas were coated in biofilms
dominated by the cyanobactera Leptolyngbya sp., Phormidium incrustatum/calcareum,
and Pseudoanabaena. Diatoms are extrememly diverse in the area, with thirteen differ-15

ent lineages representing eight genera and thirteen species found in the Westerhöfer
Bach site alone (Arp et al., 2010). (Other bacteria such as Proteobacteria, Acidobacte-
ria, Bacteriodetes, Actinobacteria, and Nitrospira are also found in association with the
microbialites.)

The non-microbialte forming localities also have interesting biological components.20

At Stinking Springs, near the spring source, Oscillatoria sp. dominate the communi-
ties. Along the outflows, layered orange, green and red mats ring the spring water.
These mats are composed of layers of cyanobacteria (e.g. Oscillatoria. psueudoan-
abaena), sulfur bacteria (Desulfobacterales) and diatoms, among many others (Bonny
and Jones, 2007; Gong et al., 2012; Monteverde et al., 2013). The biology of Mono25

Lake has been of great interest recently, although it is not thought to be a factor in tufa
formation.
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While certain trends do appear (the ubiquitous presence of Pseudoanabaena and
Leptolynbya, for instance), they can hardly account for microbialite formation. Such
cyanobacterial occurrence is extremely common in a variety of environments. It would
be telling if there was a novel bacterium or eukaryote (such as the rare “stromatolite
builder” strain isolated by Pepe-Raney et al., 2012) that was common to all sites, how-5

ever this is not the case. All of the reported sequences are common in these sites,
as well as in numerous environments that do not harbor microbialites. Clearly, the
presence of these certain communities alone cannot account for the building of mi-
crobialites.

Results from this work suggest that microbialites are broadly distributed across the10

environments with a wide spectrum of geochemical characteristics. None of the vari-
ables studied here are readily responsible for the formation of microbialites. However,
statistical analysis conducted here was restricted to the set of six microbialite sites and
three control sites. In the future, k means clustering with partial distance can be eas-
ily applied to a bigger dataset, particularly one including data from environments that15

do not form microbialites. If the new dataset contains missing observations/data gaps,
KNN imputation can be used to fill in the missing values and conduct further statistical
analysis.

4.3 Other factors to explore through future research

Several variables that we were not able to consider are likely also important for the20

formation of microbialites. For example, we cannot exclude the possibility that physi-
cal characteristics of the tested sites control microbialite distribution, such as grazing
activity, water agitation, flow rate, and clarity. Additionally trapping and binding does
not depend exclusively on the microbial community but also on the availability of de-
trital particles and the energy of the sedimentary system. Extracellular polymeric sub-25

stances (EPS, major components of a microbial mat biomass) are known to play a key
role for both trapping and binding and for influencing and promoting authigenic nucle-
ation of minerals. Differences in EPS abundance and their chemical composition may
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be key factors controlling the occurrence of microbialites. Quantification of metabolic
rate may also be a key factor in “microbially induced” precipitation of authigenic miner-
als within microbial mats.

Therefore although this clustering analysis shows no clear control of geochemical
characteristics on the distribution of microbialites and counters the premise that mi-5

crobialites are limited to settings of a particular pH or salinity range, further study is
needed to fully elucidate the controls on microbialite distribution. An issue is that many
variables that control microbialite distribution are only rarely reported in the literature,
and/or are very difficult and time consuming to obtain. Additionally the examination of
a larger number of sites, as data become available, will also allow for a more complete10

assessment on the factors influencing microbialite formation.

5 Conclusions

In this work, we have explored properties of geochemical characteristics of several dif-
ferent microbialite-forming environments, ranging from freshwater to hypersaline. The
initial dataset with missing values was clustered via k means algorithms using partial15

distances. The dataset was narrowed to the 6 most complete variables (pH, Ca, Mg,
conductivity, K, Na) and analysis was repeated to determine whether there is a subset
of variables that produces the same clustering results as with the whole dataset.

This analysis resulted in pH being separated out as particularly different from the
rest of the variables, and being almost solely responsible for the patterns of clustering.20

Clustering distinguished samples from atoll Kiritimati to be particularly distinct from the
other sites, which is most likely due to the mineralogy of the microbialites (aragonite
vs. calcite). When considering the biology of the sites as a potential variable that could
explain the pattern, no distinct trends readily emerged.

Observations that were omitted originally were then clustered using partial distances25

as the measure of similarity. The resulting clustering assignment was used to impute
missing values using k nearest neighbors procedure. This paper can be used as a gen-
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eral outline of methods that could be applied to an expanded multivariate dataset with
missing values. Also, different imputation techniques could be applied and compared
against the one presented here.

These results indicate that, contrary to commonly held beliefs about microbialite for-
mation, salinity and high pH are not important variables. It is clear that as long as the5

conditions for carbonate precipitation are met, microbialites can form at a range of pH.
Moving forward, the methods outlined in this study can be used to construct a larger
dataset which compares these results to those from other microbialite-forming environ-
ments, and non-microbialite forming environments.
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Table 1. Reported variables for study sites: Pavilion Lake (PL), Kiritimati (K), Westerhöfer Bach
(WB), Deinschwanger Bach (DB), Reinsgraben (R), and Steinern Rinne (SR), Mono Lake (M),
seawater (S), Stinking Springs (SP).

Variable PL K WB DB R SR M S SP Units

pH 7.12–9.13 7.16–9.64 7.32–8.3 7.36–8.5 7.31–8.28 7.1–8.03 9.8–9.8 8.3–8.3 6.3–7.4

Ca 0.92–10.63 0.22–38.6 3.58–3.95 1.87–2.28 4.89–5.2 2.86–3.52 0.106–0.106 10–10 16.5–23 mmolL−1

Mg 0.22–255.09 0.1–279.7 1.67–1.72 0.86–1.27 1.11–1.13 0.13–0.14 1.54–1.54 0.05–0.05 10.4–18.35 mmolL−1

Conductivity 0.27–26.6 0.2–156.3 0.90–1.04 0.58–0.64 1.14–1.23 0.52–0.65 77–91 50–50 30.9–52.4 mScm−1

Alkalinity 0–0.018 0.19–14.2 4.8–5.4 4.68–5.22 4.63–5.2 4.42–6.1 498.4–498.4 2.3–2.3 2.8–8.7 meqL−1

SO4 0.075–321.66 0.05–139.17 2.81–2.95 0.17–0.19 3.63–3.8 0.27–0.27 102.9 0.03 0.615–4.9 mmolL−1

K 0.018–22.30 0–48 0.052–0.055 0.028–0.058 0.043–0.046 0.014–0.022 37.4–37.4 9.74–9.74 12.6–23.3 mmolL−1

Na 0.061–211.83 1–2334 0.33–0.34 0.31–0.35 0.606–0.623 0.13–0.20 1187–1187 0.46–0.46 274–652 mmolL−1

Si 0.0018–0.584 0.002–0.19 0.157–0.159 0.097–0.102 0.148–0.155 0.084–0.084 0.0675–0.0675 0.225–0.225 0.1475–
0.225

mmolL−1

Cl 0.0169–17.347 0–2637 0.291–0.299 0.55–0.65 0.546–0.596 0.14–0.14 494.3–494.3 0.54–0.54 342.9–742.9 mmolL−1

Sr 0.0009–0.0944 0.0013–0.32 0.0175–0.019 0.00032–
0.00055

n/a 0.00151–
0.00156

0.0002–0.0002 0.075–0.075 0.137–0.217 mmolL−1

Ba 7.28×10−5–
0.0012

n/a 0.00021–
0.00025

0.00011–
0.00013

n/a n/a n/a n/a 0.0035–0.07 mmolL−1

Source Lim et al. (2009) Arp
et al. (2011)

Arp
et al. (2010)

Arp
et al. (2010)

Arp
et al. (2010)

Arp
et al. (2010)

Nielsen and
DePaolo (2013)

Bonny and
Jones (2007)
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Table 2. Average Silhouette Widths for 2 and 3 clusters.

2 Clusters (k = 2) 3 Clusters (k = 3)

0.950 0.844
0.919 0.104

0.914
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Figure 1. Samples of microbialites from environments used in this study. (a) Field photo of
Pavilion Lake microbialites at 26 m water depth (from Petryshyn et al., 2015). (b) Thin section
of same microbialite (from Petryshyn et al., 2015). (c) Figure 13a from Arp et al. (2010). Thin
section of weakly-laminated microbialite from the German karst stream Westerhöfer Bach. (d)
Figure 13a from Arp et al. (2011). Hand sample of a reticulate microbialite from atoll Kiritimati.
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Site pH Ca Cond. Alk. Alkalinity SO4 K Na Si Cl Sr Ba

 

Pavilion Kiritimati WB DB Rein Stein Mono Stinking Seawater 

Figure 2. Parallel coordinates plot for the geochemical data of the sites. This exploratory plot
allows for the initial visualization of similarities and differences between sites. The 12 variables
considered in this analysis are listed on the horizontal axis. Kiritimati (grey) appears to stand
apart from the rest of the sites. Seawater (light blue) differs from the rest in pH, Ca, Ba, and K
concentrations. Mono Lake (orange) measurements appear to be significantly different in most
variables as well. Finally, Stinking Springs (red) does not appear to differ as much from the
microbialite-bearing sites as the other two non-micribialite-bearing sites.
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Figure 3. Hierarchical clustering of all observations. Control Groups (Stinking Springs, Mono
Lake, and Seawater) are noted. Ovals highlight the clustering relationship of the Kirtimati sites.
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Figure 4. silhouette Plot for determining the optimal number of clusters. The number of clusters
that maximize average silhouette can be used as the k in k means algorithm. Based on the
plot, it appears that the optimal number of clusters is three. However, the silhouette width for
k = 3 and k = 2 are similar (0.948 and 0.931), indicating that the data could be represented
with either 2 or 3 clusters.
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Figure 5. A plot of the CH index as a function of the number of the clusters. This test determines
whether it is beneficial to treat the data as clusters (k = 2, 3, . . ., 10), or if all water samples
should be treated as one pool of observations (k = 1). The plot reveals that 2 clusters appear
to be a significantly better choice than any other number up to 10.
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Figure 6. Dendrogram of 6 most complete variables, showing the similarity between these
measured parameters. pH appears separate from the other five variables.
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