
Rheology of Natural Sediments and Its Influence on
the Settling of Dropstones in Hemipelagic
Marine Sediment
E. Knappe1,2 , M. Manga1 , A. Le Friant3, and the IODP 340 scientists

1Department of Earth and Planetary Science, University of California, Berkeley, CA, USA, 2Geoscience Department,
University of Montana, Missoula, MT, USA, 3Insitut de Physique du Globe de Paris, Paris, France

Abstract We investigate the rheology of naturally occurring hemipelagic marine sediment and compare
measurements to another naturally occurring sediment from a terrestrial mud volcano and literature
values. The hemipelagic marine sediment, collected by IODP 340, has a median grain size of 5.5 microns, is
poorly sorted, and contains 31% clay, including smectite. The yield stresses and consistency are calculated by
applying a range of shear stresses and shear rates using a cone‐and‐plate rheometer. A Herschel‐Bulkley
model is fit to measured shear stresses and shear rates to calculate the yield stress and consistency. These
measurements are performed at a range of particle concentrations and show that the hemipelagic sediment
has a yield stress at particle concentrations as low as 10%. Increasing particle concentration increases the
yield stress and consistency. We apply our results to show that natural pumice clasts need to have a radius
greater than about 1 cm in order to settle through hemipelagic sediment on the sea floor. Most recovered
pumice clasts from IODP 340 are thus preserved in the same horizon in which they were deposited.

1. Introduction

The rheological properties of sediment are influenced by multiple factors including particle concentration,
size, size distribution, composition, and pore‐water salinity (Imran et al., 2001). Models for sediment rheol-
ogy are often based on laboratory characterization of idealized kaolinite and montmorillonite mixtures (e.g.,
Marr et al., 2001; Baas & Best, 2002; Talling, 2013). These idealized mixtures differ from naturally occurring
submarine sediment in particle size and size distribution as well as composition. There are few studies of the
rheology of natural submarine deposits (e.g., Imran et al., 2001; Jeong, 2013; Locat et al., 2004; Menapace
et al., 2019).

The composition of the sediment can affect its rheology and cohesive sediments exhibit complex behaviors
that are often difficult to characterize (Yang et al., 2014). When materials contain high clay fractions, strong
attractive colloidal forces can lead to thixotropic behavior, that is, the viscosity of the material depends on
the shear history (Santolo & Evangelista, 2005). Thixotropy is caused by a time‐dependent microstructural
evolution of a material. When a shear stress or strain is applied to the material the viscosity decreases
(Barnes, 1997). In sediment, this decrease in viscosity could be caused by the particles developing a pre-
ferred orientation or by the breakdown of flocs and aggregates that release entrapped fluid and increases
the lubrication between the particles (Barnes, 1997; Tregger et al., 2010). However, this evolution is rever-
sible: The longer a material is at rest, the more the microstructure rebuilds until it reaches its initial
state again.

In addition to the clay fraction, the type of clay can also influence rheology due to differences in cohesion.
Smectite and montmorillonite have high cohesion compared to kaolinite and illite. The difference in cohe-
sion affects how easily the microstructure can be broken down. Naturally occurring sediments differ from
idealized mixtures because they contain a range of sediment sizes, fossils, minerals, and clays.

Thixotropy is also influenced by salinity and particle concentration. At high salinity, greater than 0.35 to 0.55
g/L, the interparticle forces are strong enough to favor fast reconstruction of the microstructure, thus mak-
ing the material strongly thixotropic (Perret et al., 1996). Particle concentration also affects the thixotropic
behavior of a material. At low particle concentrations, there are fewer interactions between the particles
and thixotropic effects are less significant (Santolo et al., 2012).
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The rheological behavior of sediment has implications for the initiation and flow of submarine sediment‐
laden density currents. Additionally, seafloor sediment preserves a record of volcanic eruptions in tephra
and crypto‐tephra layers including isolated centimeter‐sized pumice clasts that record the occurrence of
additional volcanic eruptions (Le Friant et al., 2015, 2013; Palmer et al., 2016; Jutzeler et al., 2016). These
eruptions can be dated using the surrounding sediments, but this assumes that the clasts are at the same
stratigraphic location and did not settle through underlying sediment upon deposition.

In this study we analyze naturally occurring hemipelagic sediment collected from the seafloor adjacent to
Lesser Antilles Volcanic Arc. To determine yield stress and consistency as a function of particle concentra-
tion a suite of rheometric tests are utilized. The yield stress and consistency of a material depend strongly on
the particle concentration. As particle concentration increases, there is an increase in particle‐particle inter-
actions, which causes an increase in the friction and thus increases the yield stress and consistency (Coussot
& Piau, 1994). We thus use a range of particle concentrations to develop a better understanding of how these
natural sediments flow. The same tests are performed on an additional naturally occurring sediment from
the Davis‐Schrimpf mud volcanoes for further comparison. Additionally, our results are compared to
previously published measurements on other materials in order to better identify the factors that influence
rheology. For illustrative purposes, we use our results to determine the size of particles that would settle
through the hemipelagic sediment on the seafloor and hence what size particles would be preserved in situ
within marine sediments. We use these results to assess whether volcanic dropstones collected by IODP 340
are preserved in situ.

2. Methods

The hemipelagic sediment was collected offshore of the Lesser Antilles volcanic arc from a water depth of
2,745 m. The Lesser Antilles volcanic arc is located at the eastern border of the Caribbean plate. The proxi-
mity of our sampling location to volcanic islands, specifically the active volcano Montagne Pelée, causes our
sample to contain volcaniclastic sediment as well as marine fossils (Le Friant et al., 2008). The sample,
340 U1400C 3H 4, was collected during IODP 340 from 26 m below the sea floor from a sedimentary unit
that includes multiple landslide deposits (Le Friant et al., 2013; Lafuerza et al., 2014; Brunet et al., 2016);
see supporting information Figure S1a for a location map. For comparison, another natural mud from the
Davis‐Schrimpf mud volcanoes located next to the Salton Sea in the Imperial Valley, California, is analyzed
(map in supporting information Figure S1b). The Salton Sea mud volcanoes are driven by the ascent of CO2

from underlying geothermal systems and the mud recirculates within the subsurface plumbing system
(Svensen et al., 2009).

2.1. Sample Properties

Size distribution is measured using a Sequoia Portable XR Laser Diffraction Particle Size Analyzer. The
cumulative size distribution for both samples is shown in Figure 1a. The median grain size for the
hemipelagic sediment is 5.5 microns. Grain density was measured as 2,700 kg/m3 on the IODP ship using
helium pycnometry (Le Friant et al., 2013).

Particle concentration, the amount of solids in the total mixture, is given by

ϕ ¼ Vs

Vt
(1)

where Vs the volume of solids and Vt is the total volume. We measure ϕ by weighing a known volume of
material. Uncertainty in ϕ is dominated by uncertainty in measured volume. The grain density of the
hemipelagic sediment was confirmed to be 2,700 kg/m3.

Figures 1b and 1c show three‐dimensional X‐ray microtomography reconstructions of the samples imaged at
the Advanced Light Source 8.3.2 beamline, Lawrence Berkeley National Laboratory, with a resolution of 1.3
microns/pixel. The hemipelagic marine sediment is poorly sorted and contains large voids (Figure 1b).
Additionally, the sediment also contains foraminifera fossils and crystal fragments, such as hornblende,
quartz, and muscovite, that are large compared to particles in the surrounding matrix. The Salton Sea
sediment has a more uniform size distribution by comparison (Figure 1c).
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Using X‐ray diffraction, we determine that the hemipelagic sediment is composed of 20% feldspar and
plagioclase, 19% calcite, 16% quartz, 7% aragonite, and 31% clay. The Salton Sea sediment is composed of
41% quartz, 3% dolomite, 16% plagioclase, 8% orthoclase, and 26% clay. The clay in both samples contains
kaolinite, illite, and montmorillonite, while the hemipelagic sediment also contains smectite.

3. Rheology Measurement Methods

Wemeasure the rheology using a HAAKE Rheoscope 1. To ensure uniform strain rate through the sample a
cone‐and‐plate geometry, with a 4° cone angle and 60‐mm‐diameter plate, is used. We apply either a
controlled angular velocity and hence a shear rate and then measure the torque required to maintain this
rate or alternatively apply a torque and measure the resulting deformation.

In order to prevent slippage, both the cone and the plate are covered in ANSI 150 grit sand paper (average
particle size of 100 microns). The gap size between the plate and the center of the cone was 0.142 mm after
adhesion of sand paper. Each test utilizes 8 ml of sample. To prevent jamming of particles within the gap, the
mud is sieved to remove particles larger than 100 microns, which comprise less than a few percent of the
volume of the sediment. The volumetrically dominant fine particles have a larger controlling influence on
the yield stress, so we do not expect that the small number of fossils removed from the sample would alter
the rheology (Yu et al., 2013). In order to prevent temperature fluctuations from affecting themeasurements,
the temperature of the mud is kept constant at 20 °C using a Thermo Scientific Haake DC30‐K20 Digital
Bath. At this temperature water viscosity is 1.05 mPa·s compared to 1.57 mPa·s at a seafloor temperature

Figure 1. (a) The mean cumulative size distribution of the sediments. The hemipelagic sediment, shown in blue, is the
average of four tests, and the Salton Sea sediment, shown in red, is the average of two tests. (b) Three‐dimensional
microtomography reconstructions of the materials. Reconstruction of the hemipelagic sediment, which is poorly sorted
and contains large fossils. (c) Reconstruction of the Salton Sea sediment, which is much more uniform in size than the
hemipelagic sediment.
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of 4 °C. The performed tests should accurately estimate the rheologic parameters since the yield stress is
dependent on particle interactions and will not vary due to temperature. However, the consistency will be
higher at sea bottom temperatures.

The hemipelagic sediment is from amarine setting so we control salinity of the water by adding artificial sea-
water since the salinity of the water affects suspension rheology (Jeong, 2010). Thirty‐five grams of Instant
Ocean salt mixture is added to 1 L of water to create salinity similar to that of the Caribbean Sea.

The thixotropic nature of the sediment led us to focus on the static yield stress, above which the material will
start to flow, and the dynamic yield stress, belowwhich thematerial will no longer flow. Two separate tests are
performed: the first to quantify the static yield and the second to determine the dynamic yield and consistency.

3.1. Flow Characteristics

In order to characterize rheology we consider an idealized constitutive model. The most frequently used
model to describe naturally occurring sediments and muds is the Herschel‐Bulkley model (Huang &
García, 1998):

τ ¼ τy þ K _γn; (2)

where τ is shear stress, τy is the yield stress, _γ is strain rate, K is consistency, and n is the flow index. We adopt
the Herschel‐Bulkley model, but note that models without a yield stress have also been used to model mud
rheology especially for low strain rates and high viscosities (e.g., Menapace et al., 2019).

During the measurements, it became apparent that both materials did not simply follow the Herschel‐
Bulkley model (supporting information Figure S2) as has been documented previously (e.g., Yang et al.,
2014). Different stresses are measured when applying increasing and decreasing strain rates, indicating that
the properties are history dependent, one signature of thixotropic rheology (Moller et al., 2009) (supporting
information Figure S2b). This leads to the static yield stress, which is associated with the start of flow, being
higher than the dynamic yield stress, below which the material will stop flowing, due to the static yield stress
having to breakdown the microstructure that has formed while the material was at rest. The microstructure
breakdown is reversible; if the material is left at rest, the yield stress will increase again (Moller et al., 2009).
There are models that quantify the evolving microstructure (e.g., de Souza Mendes, 2009; Dullaert & Mewis,
2006); however, for this study we focus on the static yield stress and the dynamic yield stress. Consistency is
analogous to viscosity and is also quantified prior to the cessation of flow.

3.2. Static Yield

Thixotropic fluids have a viscosity that decreases over time as they are sheared. To mitigate the variations in
shear history, samples are allowed to rest for 10 min between each test (Van Kessel & Blom, 1998). After
running hysteresis tests at varying time intervals between tests, the material recovers most of its strength
after 10 min. Ten minutes limits the amount of evaporation of water and settling of particles so as to not
affect measurements. Static yield is measured using a controlled stress mode while the sample was main-
tained at a constant temperature. For this controlled stress mode, an increasing shear stress, τ, or torque,
is applied and the resulting deformation is measured (supporting information Figure S2a). Shear stress is
increased linearly in 70 steps from 0 to 1,500 Pa, for 10 s each step. Initially, strain increases linearly with
stress, however with further increases of stress the strain grows exponentially fast and is immeasurable after
a certain shear stress. The location of this exponential increase varied with each test depending on the water
content. To calculate static yield stress a Herschel‐Bulkley model is fit to the data from increasing portion of
the test, providing τy, K, and n.

3.3. Dynamic Yield

In order to determine the dynamic yield stress and the consistency, a shear strain rate, _γ, is applied and the
torque, or shear stress, τ, required to maintain this strain rate is measured. Strain rate is increased in 40 steps
uniformly spaced in the log of strain rate from 0.01 to 1.5 s−1, and subsequently decreased in the same 40
steps, with each step lasting 15 s (supporting information Figure S3 shows results for two different particle
concentrations). To determine the dynamic yield stress and consistency, the decreasing portion of the test is
fit with a Bingham model.
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4. Results

Figure 2a shows the relationship between particle concentration (%) and yield stress (Pa) for our samples
compared to other studies. For the hemipelagic sediment and Salton Sea mud, the filled circles show static
yield stress and the open circles show dynamic yield stress. Table 1 summarizes the results for our study, and
supporting information Table S1 summarizes comparative studies. In our samples the dynamic yield stress is
always lower than the static yield stress, with the exception of the Salton Sea mud at a concentration of
40.5%. This exception could be the result of sedimentation within the sample that allowed the material to
start flowing at a lower static yield stress. In addition to measuring the static yield using a controlled stress
mode, we can estimate the static yield from the inflection point of the increasing strain rate portion of the
dynamic yield tests (Santolo et al., 2012), and the two separately determined yield stresses are similar.

A yield stress becomes apparent in the hemipelagic sediment at a particle concentration of ~10% and
increases with increasing particle concentration. Figure 2a also shows the yield stress as a function of parti-
cle concentration measured in other studies (Coussot & Piau, 1994; Coussot et al., 1996; Huang & García,
1998; Malet et al., 2005; Remaitre et al., 2005; Maciel et al., 2009; Santolo et al., 2010; Blasio et al., 2011;
Manga & Bonini, 2012; Jeong, 2013; Yang et al., 2014; Tran et al., 2015). In Figure 2, non‐natural sediments
are represented with squares.

To determine the yield stress as a function of particle concentration, the hemipelagic data is fit with the
model developed by Mueller et al. (2009):

τy ¼ τ* 1−
ϕ
ϕm

� �−2

−1

 !
; (3)

where τ* is a fitting parameter, ϕ is the particle concentration, ϕm is the maximum particle concentration.
The fit of the Mueller et al. (2009) model to the hemipelagic static yield data is shown in supporting
information Figure S4. We find τ* = 34.9 ± 6.9 Pa and ϕm = 0.23 ± 0.004.

Consistency also increases with increasing particle concentration. Following Mader et al. (2013), the hemi-
pelagic data are fit to the model:

Kr ¼ 1−
ϕ
ϕm

� �−2

; (4)

where Kr = K/μ0 where μ0 is viscosity of the suspending fluid (Pa·s) (supporting information Figure S5). We
find ϕm = 0.25 ± 0.02 Pa and μ0 = 0.14 ± 0.05 Pa·s.

5. Discussion

Both the static and dynamic yield tests indicate that the hemipelagic sediment is thixotropic. In the dynamic
tests, there is a significant difference between the increasing strain rate section and the decreasing strain rate
section (Supporting Information Figure S2b). This indicates that the material has a history dependence in its
rheology and hence its microstructure. The higher the particle concentration, the more dramatic this
hysteresis. In the static yield tests, the material initially behaves like a linear elastic material until a specific
stress is overcome and then the strain exponentially increases until the material reaches another critical
point and flows too fast for the rheometer to measure (Supporting Information Figure S2a). Coussot et al.
(1992) similarly found that the response of their clay‐rich material is essentially elastic until a critical point
is reached and the flow becomes unstable and fast. This behavior indicates that the material is initially
structured, but when the apparent yield stress is overcome the sediment becomes unstructured and starts
to flow at increasing velocities. Alignment of particles with the flow causes the material to flow faster when
a shear is applied (Barnes, 1997). Additionally, the static yield stress is significantly larger than the dynamic
yield stress, which is consistent with thixotropic behavior (Figure 2).

The scatter within our data could be caused by the history dependence of our samples due to slightly differ-
ent handling of the material prior to testing. We tried to mitigate this effect by allowing the samples to rest
between tests and by loading the samples into the rheometer in the same way. The scatter could additionally
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be caused by heterogeneities within the natural sample as each data point was obtained from a different
aliquot of the mud.

The range of particle concentrations over which a yield stress can be measured for the hemipelagic sediment
is approximately between 10% and 20%. Below a concentration of 10% the particles settle creating a muddy
fluid top layer and particle rich layer underneath. Comparing the results with other studies that used sedi-
ment suspensions, the hemipelagic marine sediment is able to develop a static stress at comparatively low
particle concentrations (Figure 2a). Additionally, other studies that measured yield stresses at low particle
concentrations were kaolinite and water mixtures produced in the lab (Figure 2a—laboratory‐produced
mixtures are represented with squares).

The clay content in the hemipelagic sediment is in the higher range compared to the other studies shown in
Figure 2a, although not all studies record clay content. The hemipelagic sediment has approximately 31%
clay, which could be one of the contributing factors to why there is a yield stresses at such low particle con-
centrations. Huang and García (1998) measure a yield stress at lower concentration, approximately 7%, but

Figure 2. (a) Yield stress as a function of particle concentration from multiple different studies and (b) consistency as a
function of particle concentration from multiple different studies. Clay contents shown in numbers next to the respec-
tive data when reported. For our measurements, open symbols show static yield stress and filled symbols show dynamic
yield stress. All data in Table 1 and supporting information Table S1.
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do not record the clay content of the sample they used. The higher clay content increases electrostatic forces
between the clay particles. Yu et al. (2013) found that increasing the clay content from approximately 10% to
40% clay increased the yield stress by more than an order of magnitude, consistent with Jeong (2013) who
reported the highest clay content and similarly large yield stresses. While both the hemipelagic sediment
and Salton Sea mud have kaolinite, illite, montmorillonite, the hemipelagic sediment also contains
smectite, which is highly cohesive. The addition of this clay type could also contribute to the higher yield
stress and more thixotropic behavior compared to the Salton Sea mud. The yield stress of the hemipelagic
sediment is also more than an order of magnitude larger than kaolinite suspensions with similar particle
concentrations suggesting that the presence of smectite is largely responsible for the higher yield stress (in
Figure 2, compare Huang & Garcia, 1998, and Maciel et al., 2009, data with the present measurements).

The salinity of the hemipelagic sediment, at 35 g/L, is well above the salinity that Perret et al. (1996) identify
as influencing rheology. Above this salinity, there is fast reconstruction of the microstructure, and below the
material is likely to favor slower reconstruction. Yang et al. (2014), however, found no effect on rheology of
salinity in the range of fresh water to 50 g/l salinity. Using the method outlined by Perret et al. (1996), to
determine the thixotropic nature of a material, the area between the hemipelagic sediment thixotropy test
curves is larger than that of the Salton Sea sediment, indicating that the hemipelagic material is slower to
recover back to its initial state. This indicates that the clay content has a larger effect than salinity for the
two samples we considered.

Materials with high clay contents have a slow rate of reconstruction, increasing their recovery time (Barnes,
1997). This is also the case for the two samples we considered. While the Salton Sea mud has a significant
portion of clay, the median particle size of the hemipelagic sediment is much smaller at 5.5 microns, com-
pared to the Salton Sea sediment 35.7 microns, which could account for the difference in recovery times.

5.1. Particle Settling Through Seafloor Sediment

Hemipelagic sediment often contains isolated “dropstones” delivered by melting icebergs or volcanic erup-
tions; in the case of sediments offshore the Lesser Antilles volcanic arc, these are predominately pumice
clasts, deposited from rafts of pumice or fall out. Whether these clasts are preserved within their deposit
or subsequently sink multiple clast diameters through underlying layers depends on their size and weight.
In order to determine whether a larger particle with radius R0 can settle within mud, we approximate the
clast as a completely submerged sphere. The effective weight is

F ¼ 4
3
π ρs−ρð ÞR3

0g; (5)

where ρs is the density of the sphere (kg/m
3), ρ is the density of the mud, R0 is the radius of the sphere (m),

and g is gravity (m/s2). The density of the sediment depends on the particle concentration (φ), ρ = ρs φ +
ρw (1‐φ) . The sphere will cause yielding of the mud and sink when the yield stress parameter

Table 1
The Hemipelagic Sediment and Salton Sea Sediment Measured in This Study

Sample Particle concentration (%) Dynamic yield (Pa) Consistency (Pa·s) Static yield (Pa) Density (g/cm3) % Clay n

Hemipelagic marine sediment 19.4 ± 1.1% 701.9 ± 2.6 126.4 ± 5.8 1440.9 ± 1.5 1.34 31 3.5
17.8 ± 0.8% 111.4 ± 2.8 71.1 ± 4.1 634.2 ± 17.4 1.31 31 3.5
16.9 ± 2.5% 218.1 ± 2.1 104.8 ± 3.5 445.3 ± 13.9 1.29 31 3.5
12.4 ± 1.1% 39.8 ± 0.2 15.5 ± 0.6 265.3 ± 3.2 1.22 31 3.5
15.1 ± 1.1% 56.3 ± 0.7 35.5 ± 2.2 211.1 ± 9.4 1.27 31 4.5
10.4 ± 0.9% 66.5 ± 0.3 20.0 ± 0.9 173.1 ± 5.6 1.18 31 3.5
9.9 ± 0.9% 20.5 ± 0.6 8.9 ± 1.4 108.1 ± 7.3 1.17 31 3.6
10.1 ± 1.2% 18.3 ± 0.5 13.1 ± 1.0 53.3 ± 3.9 1.18 31 3.5

Salton Sea mud volcano 44.2 ± 1.45% 769.1 ± 3.0 95.4 ± 22.3 1247.8 ± 2.6 1.76 26 3.5
42.9 ± 1.6% 353.6 ± 0.7 125.1 ± 1.9 893.4 ± 0.2 1.73 26 3.5
41.7 ± 1.6% 291.1 ± 0.8 11.4 ± 4.7 458.3 ± 0.9 1.7 26 3.5
40.5 ± 1.6% 189.4 ± 0.9 15.5 ± 8.2 229.7 ± 11.1 1.67 26 3.5
40.5 ± 1.8% 145.3 ± 0.5 9.3 ± 4.9 55.8 ± 20.1 1.68 26 3.5

Note. *Dynamic yield and consistency fit with Bingham model. ** static yield and n fit with the Herschel‐Bulkley model. Data plotted in Figure 2.
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Yg ¼ 2τyπR2
0

F
(6)

exceeds a critical value of 0.143 (Beris et al., 1985). Pumice is porous, between 60% and 80% porosity, and at
the bottom of the seafloor these pores will be filled with water. The mean density was calculated assuming
60% porosity, a glass density of 2,700 kg/m3 and a sea water density of 1030 kg/m3. We use a dynamic yield
stress because we assume the clasts are initially moving when they reach the seafloor. Using equations (6)
and (3) to determine the yield stress as a function of particle concentration, we calculate the relationship
between the particle concentration and the radius of a clasts that would settle through the sediment
(Figure 3). Below this radius, clasts would not settle but instead be preserved in situ. Using an average
mud particle concentration at the seafloor of 10% (Hamilton, 1976) a pumice clast would have to have a
radius larger than about 1 cm to settle through uncompacted hemipelagic sediment. Most of the various vol-
canic dropstones collected during IODP 340 (le Friant et al., 2013; Jutzeler et al., 2016) are thus in place and
their stratigraphic locations record the time of eruptions.

6. Conclusion

By studying the rheology of a naturally occurring mud we can better discern some of the influencing fac-
tors in rheology and thixotropic behavior. Particle concentration affects the yield stress and consistency,
with increasing particle concentrations leading to increasing yield stresses and consistency. As particle
concentration increases, the thixotropic behavior also increases and the material becomes more history
dependent. The particle concentration of the material also dictates the sizes of clasts that can settle
through seafloor sediment. Pumice clasts would need radii greater than ~1 cm to settle through the hemi-
pelagic sediment, indicating that most pumice clasts collected in IODP 340 are stratigraphically in place.
Finally, the high smectite clay content in the hemipelagic sediment leads to more attractive colloidal
forces in the sample and appears to influence the yield stress and enhance the thixotropic nature of
the material.
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