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ABSTRACT: Sulfide mineral framboids associated with fossil bones in marine settings may aid in taphonomic reconstructions
because framboids reflect the geochemical conditions under which they form. However, the timing and mechanism(s) of
framboid formation on bone remain poorly understood. To better constrain the initial formation of framboids during
decomposition of bone in marine depositional environments, we simulated aspects of bone decay on the ocean floor and analyzed
framboids found on bone surfaces and in the associated sediment. We observed that framboids formed on bone surfaces within
one week of experimentation, and were associated with reducing conditions within a dark-colored microbial mat overlain by
oxic waters. Statistical and discriminant analyses of elemental data show that bone-hosted framboids formed in situ on the bone
surfaces. Close associations of framboids with sulfidic microbial biofilms indicate that bone-hosted framboids resulted from
conditions generated during the microbial degradation of bone-associated organic matter. Our results suggest that framboids
can form on bone surfaces while bones rest on the seafloor prior to burial and perhaps prior to the so-called sulphophilic stage of
whale-fall animal colonization. We compared experimentally produced framboids with published sedimentary framboid
populations. Bone-hosted framboids resemble smaller and less variably sized sedimentary framboid populations canonically
known to form in anoxic water columns, even though the bone-hosted framboids were overlain by oxygenated conditions. We
propose that the period available for framboid growth is shorter on bone surfaces than in sediments, because geochemical
conditions that favor sulfide mineral precipitation on bone are transient. Shorter growing periods and localized conditions result
in smaller framboid sizes that may not reflect ambient conditions in a water column.

INTRODUCTION

Framboids are spherical mineral aggregates composed of densely
packed microcrystals that most commonly occur as pyrite and
occasionally as other sulfides (Love 1967; Canfield and Raiswell 1991).
Framboids have been found in association with fossil material from
marine environments including fossil plant material (Allison 1988;
Canfield and Raiswell 1991), fossil sponge spicules (Zhou and Jiang
2009), and a variety of marine vertebrate material including Mesozoic
marine reptile remains (Martill 1987; Kaim et al. 2008) and Cenozoic
marine mammals (Naganuma et al. 1996; Amano and Little 2005; Amano
et al. 2007; Shapiro and Spangler 2009).

Sulfidic framboids are well studied. Results from theoretical models, in
conjunction with lab experiments and natural observations, provide
constraints on the geochemical conditions favoring framboid growth in
anoxic environments with high rates of sulfide diffusion and available
reduced iron (Berner 1969, 1970; Farrand 1970; Sweeney and Kaplan
1973; Raiswell 1982). Although no single model for framboid growth is
universally accepted, framboids are generally thought to form via several
steps starting with the reaction of sulfide with detrital iron minerals (ferric
hydroxide, goethite) or dissolved iron to form iron monosulfides
(mackinawite), which in turn react with sulfur to nucleate framboids in
anoxic environments (Love 1967; Raiswell 1982; Brett and Baird 1986).
Raiswell (1982), Canfield and Raiswell (1991), Raiswell et al. (1993), and
Ohfuji and Rickard (2005) provide detailed reviews of framboid growth.

Framboidal sulfides associated with fossil material in marine environ-
ments are commonly used as indicators of early diagenesis. For example,
Brett and Baird (1986) compared crystal habits and textures of pyrite
associated with fossil remains and suggested that framboidal pyrite found
in association with fossil material is indicative of early diagenesis in
shallowly buried sediments, whereas euhedral pyrite may indicate later
diagenesis of the organic material at greater depths in the sediment.
Framboid formation in sediments during early diagenesis is attributed to
the bacterial decay of organic matter, primarily by dissimilatory sulfate-
reducing bacteria (SRBs) that produce sulfide via their anaerobic
metabolisms (Raiswell et al. 1993). Similarly, previous studies suggest
that the bacterial degradation of decaying organic matter prior to
fossilization is also a source of framboids associated with fossils from
marine environments (Allison 1988; Canfield and Raiswell 1991; Grimes
et al. 2002). However, it is unclear at what stage during early diagenesis
framboids are likely to form on marine vertebrate fossils.

Early diagenesis typically refers to processes that affect skeletal
material prior to deep burial (i.e., . 5 m), which would include decay,
alteration, and permineralization on the ocean floor and also processes in
shallow-burial environments. Early diagenesis may encompass a period as
short as 10 years (Lundsten et al. 2010) to over thousands of years, as
postulated for some marine bone beds (Pyenson et al. 2009). During early
diagenesis, Amano and Little (2005) correlated the appearance of
framboids to the sulphophilic decay stage where sulfate-reducing
bacteria, exploiting exposed bone on the seafloor, produce steep
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oxygen-sulfide gradient conditions that supports a sulfide-dependent
ecosystem that can develop beginning , 2–50 years after death in recent
carcass falls (Smith and Baco 2003). Conversely, other researchers suggest
that framboids form during shallow burial when bones enter into sulfide-
enriched zones in the sediment. To date, there are few reported examples
of pyrite forming on modern (, 10,000 years old) vertebrate remains
(Turner-Walker and Jans 2008; Hollund et al. 2012; Turner-Walker
2012), and even fewer from modern marine environments (Kasuya and
Ando 2005).

Although framboids are commonly used indicators of early burial
conditions related to microbial sulfide production, the specific timing of
framboid formation on bone surfaces is not clear. Here, we present
laboratory observations of framboid formation on bone surfaces from
lab-simulated carcass falls, and provide new insights into the
significance and initial timing of sulfidic framboids found associated
with vertebrate fossil material in marine environments. The restricted
scope of our study precludes us from placing constraints on other types
of framboid formation, although it is likely that the geochemical
window permitting framboid formation extends past the duration of
our experiment.

METHODS

Experimental Design

Lab-simulated carcass falls were used to study the formation of
framboidal sulfides on bone surfaces associated with natural carcass falls
(sunken vertebrate remains on the ocean floor). Simulated carcass falls
were created by adding 50 ml of naturally inoculated marine mud and
200 ml of natural seawater to a 300 ml lidded plastic container. Sediment
and seawater were collected from the coast of Massachusetts (N 41u42900,
W 70u45910, 1 m water depth). The elemental composition of the marine
sediment from the site of collection is provided in Supplementary Data1

Table S1. The concentration of primary cations and anions of the
seawater from the collection site are reported in Supplementary Data
Tables 2 and 3. Mesocosms were incubated in near-dark conditions at
10uC for two weeks to establish stable conditions for sediment-hosted
microbial communities. After two weeks, two defleshed domestic pig rib
sections (, 1 cm3) were emplaced on the sediment/water interface in each
mesocosm. Syringe tips connected to an aquarium air pump were
extended , 1 cm into the water column to aerate the water and better
simulate open-ocean circulation.

Three separate carcass-fall simulations and one control mesocosm were
made, and framboid populations were sampled from the sediment of each
carcass-fall simulation prior to bone emplacement to control for
preexisting framboid populations. After bone emplacement, a different
mesocosm was sampled each week for three weeks; sampling a separate
mesocosm was done to avoid disturbing any biofilms or resuspending
sediment during sampling. At each sampling period, oxygen profiles were
measured, biofilm and sediment samples were collected, and photographs
were taken of the sampled carcass-fall mesocosm. To document the
correlation of sediment-hosted microbial life and framboid growth on
bone, we included a control composed of sterilized seawater and
sediment.

Analytical Methods

To measure microbial oxygen consumption, oxygen profiles were
measured in the carcass-fall mesocosm at each sampling interval using
Clark-type amperometric oxygen sensors attached to a micromanipulator
(Revsbech and Jørgensen 1986; Revsbech 1989; Unisense, Aarhus,
Science Park Aarhus, Denmark). Prior to measuring, the microsensor
was depolarized and calibrated. Profiles started , 1.5 cm above the
sediment/water interface, extended through the biofilm directly adjacent
to the bone, and extended , 1 cm into the sediment. Due to vertical
limitations of the micromanipulator, profiles extending from the water/air
interface through the sediment were not possible to measure. Measure-
ments were taken at 0.05 cm intervals and were reported as oxygen
micromolar concentrations (mM).

Framboids observed on the surfaces of bone exposed to the water
column, in addition to sediment-hosted framboids, were examined during
each sampling period using a low-vacuum Hitachi TM-1000 SEM housed
at LacCore (National Lacustrine Core Facility, University of Minnesota–
Twin Cities); samples were uncoated and backscattered electron imaging
was used to image specimens. Framboids were initially identified by their
shape and high contrast compared to surrounding bone, biofilm, and
sediment. Elemental abundances of iron, sulfur, and carbon were
measured using an EDAX energy-dispersive X-ray spectrometer (EDS)
running Bruker Quantax 50 software. The EDS was calibrated using
copper because its Ka X-ray energy does not overlap with the Ka energy
distribution of iron, sulfur, and carbon. Observations were made at an
accelerating voltage of 15 kV, with acquisition times of 90 seconds.
Relative, corrected, and atomic counts of detectable elements were
reported. Framboid diameters were measured directly on the SEM image
capture.

In addition to framboid diameter, semiquantitative measurements were
also collected for atom % Fe, atom % S, and atom % C, microcrystal
diameter, and Fe:S ratio. Sediment and bone-associated framboid
populations were found to be statistically different based on MANOVA
results, and observations were further compared using ANOVA with
a post hoc all pairs comparison Tukey-Kramer test (a 5 0.05) for multiple
group comparisons, and a Student’s t-test for pairwise comparisons.
Because multiple variables were reported per observation, discriminant
analyses were performed to test group membership based on a multivar-
iate approach. Groups were cross-validated to assess if the discriminant
function had any predictive ability on data that was not used to build the
function.

Results

Framboids were observed on bone surfaces from the carcass-fall
simulations as early as the first week of experimentation and were
observed through the third week when the experiment ended. Table 1
shows summary statistics for the framboid populations, and Figure 1
illustrates representative images of framboids on bone surfaces. Mean
framboid diameter for all framboids observed on bones surfaces
throughout the three-week experiment was 3.9 6 1.1 mm (SD) (n 5 59),
and the mean microcrystal size was 0.7 6 0.3 mm (SD) (n 5 57). The
medians and standard deviations of elemental data for the bone-

TABLE 1.—Mean and standard deviation for characteristics measured from framboid populations associated with bone and sediment. Gray boxes indicate
statistically significant differences (p , 0.05) between the bone-hosted and sediment-hosted framboid populations.

Population type
Week

sampled n
Framboid

diameter (mm)
Microcrystal

diameter (mm) Atom % Fe Atom % S Atom % C Fe:S

Bone total 1–3 59 3.9 6 1.1 0.7 6 0.3 7.9 6 3.0 10.6 6 5.8 47.0 6 16.6 1.3 6 1.7
Sediment total 0–3 36 4.3 6 1.7 0.8 6 0.4 3.3 6 1.2 5.5 6 1.8 34.2 6 11.2 0.6 6 0.3
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associated framboids were: atom % Fe 5 7.9 6 3.0%, atom % S 5 10.6 6
5.8%, and atom % C 5 47.0 6 16.6%. The median Fe:S ratio for the
bone-hosted framboid population was 1.3 6 1.7. In addition to the
framboids, sulfide clusters, which are framboid-like but do not have
consistently shaped, sized, or ordered microcrystals (Canfield and
Raiswell 1991; Ohfuji and Rickard 2005), were also observed on bone
surfaces (n 5 4). These sulfide clusters were found to be statistically
similar in size and elemental composition to the bone-hosted framboid
populations (p-values . 0.3); although the sample size is likely too low to
detect differences between framboids and clusters. Raw data for bone-
derived framboids and clusters is shown in Supplementary Data Table 4.
No framboids were observed on bone surfaces from the sterilized control
at any point during the experiment.

As framboids were found in the sediment prior to bone placement,
framboids were also characterized from the sediment before and after
bone deployment to distinguish preexisting sediment framboids from
newly formed framboids. To do this, we tested whether the sediment and
bone framboid populations were statistically similar (null hypothesis)
using MANOVA and Student’s t-test, a 5 0.05. MANOVA results
indicated the sediment and bone-associated framboid populations are
different (F 5 3.1, df 5 6, p-value , 0.0001). The Student’s t-test results
are summarized in Table 1 and raw data are included in Supplementary
Data1 Table S4. Sediment framboid diameters were not statistically
different from the bone-hosted framboid populations (sediment fram-
boids: 4.3 6 1.7 mm, SD, n 5 36, p-value 5 0.1313). Framboid
microcrystal diameters were also found to be similar in size to bone-

FIG. 1.—Backscattered electron SEM images of framboids found on bone surfaces from carcass-fall experiments. A) Typical framboid morphology observed on bones.
B) Framboid from the microbial mat surface encapsulated in probable extracellular polymeric substances. C) Framboid with octahedral crystallites, also associated with
putative biofilm. D) Example of framboid with anhedral crystallites, thought to be a protoframboid, also associated with putative biofilm.
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associated framboids (sediment microcrystal diameter: 0.8 6 0.4 mm, SD,
n 5 36, p-value 5 0.1405). In contrast, elemental data do serve to
distinguish sediment-hosted framboid populations from bone-hosted
populations (p , 0.05 for all comparisons). The mean values of bone-
associated framboids had over double the atom % Fe compared to
sediment framboids (7.9% versus 3.3%), nearly double the atom % S
compared to the sediment framboids (10.6% versus 5.8%), and also had
elevated median atom % C (47.0% versus 34.2%) In addition to elemental
percentages, the Fe:S ratio of the bone-hosted framboid population was
statistically higher compared to sediment framboid population (1.3 versus
0.6). Neither of these Fe:S ratios reflect pyritic stoichiometry, but are
indeed indicative of sulfide minerals in general. Sulfidic clusters were also
observed in the sediment samples and were found to be statistically
similar in diameter and atom % Fe, atom % S, atom % C, and Fe:S to the
sediment-hosted framboid populations (n 5 36). As with the bone versus
sediment framboid comparisons, results from comparing the sulfidic
clusters indicate that bone-hosted sulfide clusters have similar sizes as the
sediment-hosted clusters, but are distinct with respect to elemental
makeup compared to the sediment-hosted clusters.

Because framboid populations differed across many variables, we also
used a multivariate approach to characterize the different framboid
populations. A discriminant analysis was performed on a priori groups of
framboid populations (bone and sediment) to determine the probability
of framboid group relationships based on framboid diameter; microcrys-
tal diameters; atom % Fe, atom % S, atom % C. Discriminant analyses
generated independent linear axes that maximized separation among
a priori groups. Group membership was then tested by cross-validation
(removing a sample and re-performing discriminant group analysis).
Figure 2 illustrates the discriminant analysis. Results of this analysis
confirmed that framboids from bone are distinct from sediment-
associated framboids with only a 3% cross-validation mismatch rate
and significant test statistics for both the Wilks’ Lambda and Pillai’s
Trace tests (p , 0.001, degrees of freedom (DF) 5 6). Loading scores on
each axis indicated that the elemental composition of framboids,

primarily atom % Fe and atom % C, distinguished bone framboids from
sediment framboids (Fig. 2).

Bone-hosted framboids were observed to form in association with
microbial biofilms at the macroscopic and microscopic level. Within the
first week after bone deployment, dark microbial mats, comparable to
those observed on natural or experimentally implanted whale falls
(Fig. 3A), developed on bone surfaces where framboids were also
observed. By the third week of the experiment, white-colored mats
developed at the peripheries of the dark mats (Fig. 3B). Under the
microscope, the white mats contained filaments with a distinctive
morphology comparable to Beggiatoa (Larkin and Strohl 1983; Nelson
et al. 1989; Sassen et al. 2004) as well as other nonfilamentous bacteria
housing intracellular elemental sulfur (Fig. 3C). At the microscopic level,
framboids were often found adjacent to, or encapsulated in biofilm;
biofilm-associated organic matter was identified on SEM images as
a feature with amorphous and homogenous texture that was distinct from
bone-surface texture (Fig. 1). This material likely represents a mixture of
microbial cell material and extracellular polymeric substances.

Oxygen profiles measured through the microbial mats adjacent to the
bones indicate that dissolved oxygen concentrations were affected by the
microbial communities in the mesocosm (Fig. 4). Before bones were
introduced to the mesocosms, the water column was aerobic near the
water/air interface (O2 . 30 mM) and oxygen concentrations decreased
along a gradient typical of abiotic diffusion with depth (Jørgensen and
Revsbech 1985). One week after bone placement, the water column
remained oxygenated, but oxygen concentrations dropped steeply at the
water/microbial mat interface near the bone. Two weeks into the
experiment, the water column above the bone became dysoxic (O2 ,
30 mM) while the sediment/water/biofilm interface became anoxic (no
measureable O2), even though oxygenated air was being pumped into the
mesocosm (Wilkin et al. 1996) (Fig. 4). By the third week, conditions
became more aerobic, with the water column becoming oxic (O2 .
30 mM), and the pore waters moving from anoxic to dysoxic conditions.
The sterilized control mesocosms showed little change in oxygen
concentration throughout the experiment.

DISCUSSION

Based on elemental and discriminant analyses, as well as the location of
the framboids on the bone, we conclude that framboids examined on
bone surfaces formed in situ and did not originate due to resuspension of
preexisting sediment framboids. Elemental analyses of Fe, S, and C
indicate that framboid populations found on bone surfaces differ in
elemental composition (atom %) from the preexisting sediment framboid
population. Bone-associated framboids show elevated iron and carbon by
over 50% compared to the sediment populations, as analyzed before and
after bone placement (Fig. 1, Table 1). The separation in framboid
populations is more evident when comparing them in discriminant
analyses (Fig. 2). Although discriminant analyses are designed to ensure
maximum group separation, the low misclassification percentage (2%) in
conjunction with significant results from group comparison tests support
the conclusion that bone framboids are different from sediment
framboids.

Observations from the lab-simulated carcass-fall experiments suggest
that bone-associated framboids formed as the result of microbial activity.
Although not necessary for formation (see Ohfuji and Rickard (2005) and
references therein), microbes, specifically sulfate-reducing bacteria (SRBs)
are generally thought to play a role in framboid formation (Donald and
Southam 1999; Grimes et al. 2001; Popa et al. 2004; MacLean et al. 2008).
Sulfate-reducing bacteria, often members of the subphylum Deltaproteo-
bacteria, use sulfate as their terminal electron acceptor and generate
sulfide as an end product. The sulfide generated by the SRBs then reacts
with Fe2+, to form iron monosulfide, which is a precursor to the

FIG. 2.—Discriminant analyses of framboids associated with bone (open red
circles) and framboids associated with sediment (closed blue diamonds). Black
symbols indicate the centroids of the sediment (diamond) and bone (open circle)
populations. Ellipses indicate general framboid populations. Axis loading plot in
top right corner indicates that loading vectors of each variable, and the
corresponding sediment and bone framboid centroids, are also plotted in
black symbols.
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formation of other sulfide framboids. Our observations and measure-
ments suggest that the framboids in the carcass-fall mesocosms also
formed due to sulfide produced by the microbial consortia colonizing
bone. Although not directly measured in this study, the generation of
sulfide due to bone emplacement in the lab-simulated carcass-fall
mesocosms is indicated by the sharp decrease in oxygen concentrations
near the bone biofilm (Fig. 4), the blackening of the bone surfaces and
surrounding sediments (Fig. 3B), and the presence of sulfide-oxidizing
bacteria (Fig. 3C). The low oxygen concentrations near the biofilms on
bone surfaces indicate that the microbial community was likely living in
anoxic conditions, which is favorable for the production of sulfide by
sulfate-reducing bacteria. Additionally, the dark staining on bone and
sediment also suggests that sulfide was generated in the mesocosm; sulfide
often reacts with ambient ferrous iron and produces nanocrystallites

composed of iron monosulfide, which can stain sediment black (Canfield
and Raiswell 1991; Thamdrup et al. 1994; Darroch et al. 2012; Amon
et al. 2013). Under the microscope, several types of sulfide-oxidizing
bacteria were identified from bone-surface biofilms including filamentous
Beggiatoa (Fig. 3C), which are easily identified by their distinctive
morphology (Larkin and Strohl 1983; Nelson et al. 1989; Sassen et al.
2004) and are known to occur in natural and experimental carcass falls as
seen in Figure 3A (Deming et al. 1997; Smith and Baco 2003). Sulfide-
oxidizing bacteria are often found superjacent to sulfate-reducing bacteria
because they depend on the sulfide produced by the sulfate-reducing
bacteria as their energy source. Thus, the presence of sulfide-oxidizing
bacteria in bone biofilms indirectly supports the presence of sulfide in the
mesocosm experiments. Biofilms were not observed on the mesocosm
sediment before bone addition, suggesting that the microbial communities
developed as a direct result of the bone, which implies that the bone
organics and associated secondary metabolites fueled mat formation.

In the carcass-fall simulation, bone-hosted framboids developed on
bone surfaces within one week of introducing bone to the mesocosm,
suggesting that framboid formation can initiate within days in natural
carcass falls occurring extremely early in the diagenetic history of
fossilized remains, and substantially earlier than previously described.
The decay process of natural carcass falls, especially of large marine
mammals, is dynamic and long-lived, and prior to our experiment, it was
unclear at which point during the decomposition history framboids would
form (Kiel et al. 2008; Shapiro and Spangler 2009). Smith and Baco
(2003) studied the decomposition of whale falls extensively and
established four successional decomposition stages characterized by
predominant scavenger types and their targeted whale tissue: (1)
a mobile-scavenger stage during which most soft tissue is removed
primarily by mobile scavengers; (2) an opportunist-enrichment phase
composed of sessile scavengers that target organics leached into the
surrounding sediment and remaining soft tissue on the bone; (3)
a sulphophilic stage fueled by sulfate-reducing bacteria exploiting bone
lipids, a stage that can support complex trophic assemblages; and (4)
a reef stage during which nutrient-depleted bone acts as a substrate for
epibionts (Smith and Baco 2003). Microbes are present and actively
degrading tissue in each stage, including the initial scavenger stage, as
shown by aqueous decomposition studies (Giancamillo et al. 2010). The
duration of each decomposition stage is dependent on environmental
conditions as well as the size, age, and taxon represented by the vertebrate

FIG. 3.—Examples of microbial mats on actual and simulated carcass falls. A) Image of an experimentally implanted whale fall (Balaenoptera acutorostrata, Minke
whale) observed at 125 m depth off the coast of Sweden (referenced in Dahlgren et al. 2006). Like the mats grown in the carcass-fall simulation, cranial bones from the
natural whale fall are covered in a black bacterial mat likely rich in sulfate-reducing bacteria, which in places is overlain by a white bacterial mat containing sulfide-
oxidizing bacteria. Photo courtesy of Thomas Dahlgren, Adrian Glover, and Thomas Lundalv (remotely operated vehicle (ROV) pilot). B) Bones covered with black
(sulfate-reducing) and white (sulfide-oxidizing) microbial mat after three weeks. C) Photomicrograph of a bone-associated microbial mat similar to those seen in carcass-
fall simulations at Week 3. Beggiatoa, a sulfide-oxidizing filamentous bacterium, is prominent, and the inset shows smaller bacteria containing elemental sulfur
(white circles).

FIG. 4.—Oxygen microsensor profiles of carcass-fall mesocosms during the
experiment. Despite oxygenated air being pumped into the mesocosm throughout
the experiment, profiles show the progression from a typical oxygen diffusion
(Week 0) to a near-anoxic water column in Week 2, and the return of dissolved
oxygen in Week 3.
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remains (Smith and Baco 2003). In general, the consumption of soft tissue
and labile organics is fast and occurs within a few years, but the
degradation of bone during the sulphophilic stage can be much slower,
sometimes occurring over time scales of many decades (Jones et al. 1998;
Smith and Baco 2003). However, the timing and duration of these stages
can be highly depth dependent, and a recent time-series study by
Lundsten et al. (2010) showed that not all of these stages occur in some
whale falls. Whale falls in deeper water did include a sulphophilic stage,
represented by thick mats of sulfide-oxidizing microbial mats similar to
those observed in our experiment. However, a sulphophilic stage was not
obvious in whale falls from shallower sites.

We would expect framboids to form during the sulphophilic scavenging
stage when sulfide concentrations are thought to be at their highest
(Smith and Baco 2003). Indeed, a previous study used the association of
sulfide framboids, in the presence of fossil mollusks and gastropods
known to harbor sulfide-utilizing symbiotic bacteria, to identify the
sulphophilic scavenging stage of a fossil whale fall (Amano and Little
2005). However, since microbes were also present during the other
decomposition stages, and based on the rapid formation of framboids in
our experiment, it is possible that framboid formation is not limited to
just the sulphophilic stage, and may also occur much earlier in the
decomposition history. The time series studies of Lundsten et al. (2010)
illustrate that while the canonical decomposition stages identified by
Smith and Baco are useful for thinking about the processes occurring at
whale falls in general, individual whale falls are influenced by diverse
environmental factors that can result in a range of taphonomic processes
and early diagenetic conditions. Our experiments indicate that sulfate-
reducing bacteria colonizing bone surfaces at the very early stages of
microbial decay can provide sufficient sulfide to initiate framboid
nucleation. Thus, our findings suggest that framboid formation can
occur as early as the opportunistic-enrichment phase when bones are
initially exposed. Due to the limited scope of our study, we cannot
confirm at which other stages of decomposition framboids may form,
although it is likely that if sulfide is being produced, even in small
amounts, then framboids have the potential to form.

Sulfate-reducing bacteria, a primary source for sulfide in the formation
of framboids, naturally exist in shallow sediment, often with their
activities concentrated within localized zones of sulfate-reduction (Allison
1988). Kiel et al. (2008) have suggested that framboids forming in
association with vertebrate material likely formed when the vertebrate
remains were buried at shallow depths. Our experiments also show that
bones need not be buried in the zone of sulfate reduction to act as
substrates for framboid formation. Framboids can also form on the
surfaces of bone exposed at the sediment/water interface, even if the
overlying water column is well oxygenated, so long as a source of reactive
iron is present, as was the case in our experimental mesocosms (see
Supplementary Data Table S1 for concentrations of iron in experimental
sediment).

Much of the literature on framboids focuses on their use as indicators
of regional geochemical conditions (Skei 1988; Wilkin et al. 1996; Bond et
al. 2004; Marynowski et al. 2007). Previous experimental and actualistic
studies indicate that framboid populations originating in euxinic
conditions typical of stagnant closed basins or ocean anoxic events tend
to be smaller and less variable in size compared to framboid populations
from oxygenated ocean basins (Wilkin et al. 1996; Bond et al. 2004;
Marynowski et al. 2007). Framboids from anoxic settings are thought to
be smaller and less variable (5.1 6 1.5 mm SD) because they form in the
water column and quickly sink to the seafloor after precipitation, limiting
the supply of iron in a sulfide-dominated system and halting framboid
growth (Skei 1988; Wilkin et al. 1996). In comparison, framboids that
form in oxygenated water columns tend to be larger and more variable in
size (8.0 6 2.2 mm SD) because they likely nucleate near, or at, the
sediment/water interface where both iron and sulfide are available, and

the framboids remain in conditions ideal for framboid growth for a longer
time (Wilkin et al. 1996).

To date, few if any studies have compared framboid populations
associated with vertebrate material with sedimentary framboid popula-
tions. Although the sulfide involved in framboid formation likely
originates from the microbial decay of organic matter in both the
sedimentary and carcass-fall scenarios, it is unclear if the disparity in the
amount of available organics (planktonic in sedimentary systems versus
large-vertebrate remains) has an impact on the size distribution of
framboid populations associated with carcass falls. Our study offers an
opportunity to compare the experimental bone-hosted framboid popu-
lation where certain environmental conditions are known, with those
from the literature, to determine if framboids found in association with
vertebrate material can also be used as ambient environmental indicators.
Additionally, since the mechanisms responsible for governing framboid
size in sedimentary environments are relatively well known, comparisons
of bone-hosted framboids to published framboid populations can provide
additional insights into the formation and time of framboid populations
derived from bacterial decay of vertebrate remains.

When the mean framboid diameter and corresponding standard
deviation of framboids growing on bone surfaces from this study are
plotted against those from published framboid populations originating
from known environments (see table S5 for data and references), bone-
associated framboids plot closest to framboids forming in anoxic water
columns (Fig. 5). However, our microsensor measurements show an
oxygenated water column in the mesocosm experiments (Fig. 4). If the
water column is taken to be representative of ambient oxygen
concentrations, then we might have expected the bone framboids to plot
closer to the dysoxic-oxic framboid population. On closer inspection,
measured oxygen concentrations from the carcass-fall simulations
indicate that framboids grew in localized anoxic microenvironments in
the biofilm (O2 concentrations 5 0 mM), despite the oxic conditions in the
surrounding mesocosm water (O2 concentrations . 30 mM). We interpret
these results to indicate that larger volumes of organic matter can
promote steep oxygen gradients and localized anoxic conditions that
extend from the sediment/water interface to above the bone surface, even
though the ambient water chemistry is oxic.

Additionally, because the bone framboids in our mesocosm experiment
are small and likely formed in the biofilm covering bone, yet plot closest
to sedimentary framboid populations that formed in suspension, we
suggest that bacterially mediated anoxic and sulfidic conditions
surrounding the bone were transient, likely due to nutrient availability
and changing microbial communities. Subtle Eh or pH changes may
abruptly stop framboid formation; and once stopped, framboids typically
do not resume formation (Wilkin et al. 1996). Thus, we propose that the
smaller framboids that form in the microbial mat result from shorter
exposure to conditions that favor framboid growth than those that
precipitate in sediment pore waters. Framboid populations originating
from the decay of vertebrate material, and possibly other transient
conditions such as bacterial biofilms, may be reliable indicators of
localized conditions, but not necessarily of geochemical conditions
beyond their immediate microenvironment.

CONCLUSIONS

These are the first lab-based experiments to document the formation of
framboidal iron sulfide growth on vertebrate material decaying in
a simulated marine setting. Analyses of individual framboid character-
istics combined with discriminant analyses support our conclusion that
framboids forming on bone are distinct authigenic precipitates. Our
experiments provide a lower bound on the timing of framboid de-
velopment associated with the decay of vertebrate material. The
framboids were first discovered on bone surfaces within a week of
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experiment initiation, and appeared in conjunction with a dark-colored
microbial mat that covered bone surfaces. The black color of this
microbial mat, in addition to the presence of superjacent mats of sulfide-
oxidizing bacteria, suggest that sulfide was produced in the mesocosms,
likely as the product of heterotrophic sulfate-reducing bacteria degrading
bone organics or associated secondary metabolites. Framboids formed as
a result of localized sulfide production. Also in support of the microbial
association, many framboids on bone were found encapsulated in
probable biofilm associated with the bone-covering mat. Furthermore,
the direct association of framboid appearance with the development of
microbial growth on bone surfaces, coupled with the observation that
framboids did not appear in sterile control experiments, attests to the
conclusion that framboids form on bone surfaces via the indirect
influences of microbial activity.

We conclude from our experiments that bones, once defleshed from
scavenging, can sustain sufficient rates of sulfide production to induce
framboid precipitation early, within weeks of exposure. Our experiments
show that framboids may not necessarily indicate the sulphophilic

decomposition stage, as they may also form at the initial time of bone
exposure that develops during the opportunistic-enrichment phase of
large-vertebrate decay. It is possible that framboids may develop on bone
surfaces prior to soft-tissue removal and/or postburial given favorable
conditions. However, we cannot comment on the likelihood of framboids
forming during these stages due to the limited duration of our experiment.
Our experiments also suggest that burial is not required for framboid
formation. On comparing bone-hosted framboid populations from the
carcass-fall simulation with those from previous studies that looked at
framboid size distributions in sediments, we found that framboids formed
on vertebrate bones, or possibly in other organic loading scenarios, may
not be reliable indicators of ambient oxygen concentrations in the water
column, but instead represent highly localized anoxic and transient
microenvironments. We found that the framboids forming on bone
surfaces under an oxic water column are similar in size to framboid
populations originating under anoxic water column conditions. We
suggest that geochemical conditions associated with microbial mats
developing on bone, as well as in other organic loading situations, are

FIG. 5.—Mean framboid diameters plotted against the standard deviation of sedimentary framboids from known environments and from bone-hosted framboids from
this study (stars, one for each week of experimentation). Oxic-dysoxic/anoxic line is the same as identified in Wilkin et al. (2006). Values and sources for each data point
are provided in Supplementary Data Table 5.
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dynamic, and that framboids developing in microbial mats may have
shorter growing periods due to the ephemeral nature of the conditions
that promote their formation on bone. Finally, because our experiments
address only the initial stages of decay, more experimentation will be
needed to investigate the formation of framboids at later stages of decay.
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