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TRACE METALS GEOCHEMISTRY IN THE SEDIMENTS OF A 

NATURAL WETLAND 
 
 

Alfaro-De la Torre M. Catalina1, Pérez-Castillo F. Virginia1 and Briones-Gallardo Roberto2 
1Facultad de Ciencias Químicas, UASLP, México; 2Instituto de Metalurgia, UASLP, México 

 

ABSTRACT 

 
Bottom sediments were collected in natural wetland to evaluate the concentrations of Fe, Mn, other metals, 

sulfides, sulfate and pH with depth in the sediments and in the porewater. Our results suggest a geochemical 
control of Fe from sulfides which varies within season. At the end of spring (May), the metals mobilization 
occurs probably related to a major productivity of this ecosystem in contrast with the shape of profiles observed 
in fall (November). This interaction between Fe and sulfides are probably controlling other metals and the 
availability of nutrients like P, to the plants in the wetland. Diffusion fluxes at the sediment-water interface 
suggested a contribution of Fe from the sediments to the water column particularly; the concentration profiles 
suggest the diffusion of Mn from the sediment to the water column and a contribution of Cd, Hg, As and Ni to 
the sediments from the water column. The sediments in the wetland are reduced and characterized for a high 
production of sulfides. 
 
Keywords: Iron, Sulfides, Sediment-water interface, Diffusion fluxes 

 
 

INTRODUCTION 

 
Sediments act as the sink and the source on many 

pollutants entering the aquatic ecosystems through 
wastewater discharges and atmospheric deposition. 
In this context, understanding the contributions of 
trace elements from external sources and the factors 
affecting their effective deposition in the sediments 
is critical. Some important processes and factors 
affect the elements mobility in sediments like the 
adsorption/desorption processes, salinity and 
particularly, changes in the redox conditions, sulfur 
and carbonate availability, pH and organic matter in 
wetlands. The effective accumulation of trace 
elements in the sediments is subjected to those 
processes. The mobility of some elements as Cd, As, 
Ni, Hg at sediment-water interface is related to the 
oxic-anoxic conditions of the sediments, to the Fe 
and Mn reduction and to the oxidation of the organic 
matter reported as the main carrier phases of some 
toxics in the water column. The mobility and 
availability of metals in wetland sediments can be 
significantly reduced by the formation of metal 
sulfide precipitates under anoxic conditions and be 
affected by oxidizing conditions at the rhizosphere 
of plants [1]. Few studies are reported about these 
processes in continental wetlands, the majority refers 
to coastal systems. 
In this work, we elucidate some of these processes in 
the freshwater wetland “Ciénega de Tamasopo” 
located in the limits of the Nearctic-Neotropical 
region, Central Mexico. 
 

 

 

METHODS 

 

The study was done in the tropical wetland 
“Ciénega Tamasopo” located in Central Mexico 
(Figure 1) [2]. The wetland supplies water for 
agriculture (sugar cane) and for ~3000 inhabitants 
and has been impacted by residues from the fields 
and settlements around; also, agriculture contributes 
with air pollution caused by particles from the 
burning of sugar cane field at harvest (from October 
until January, each year). Water column depth is 
shallow, until 0.3m during the dry seasons (May to 
August) and increase during the raining period 
(September; ~1.5m or more).  

Vegetation is dominated by hydrophyte plants 
(Nymphaea goudotiana, Elodea sp., Typha sp., 
Cladium sp). Vegetation acts as a filter of sediments 
at the wetland shore, however, air pollution is 
probably contributing with inorganic and organic 
substances. 

 
Sampling 

 
On May 2009, two sediment cores were collected 

with a gravity sampler (Wildco 2404-A14) at 
deepest site (SS-W, Figure 1) at an area not covered 
by plants.  Sediments were cut in 0.5, 1 and 2 cm 
slices, preserved at 4 °C and oven dried (60 °C, 12 
h) in the laboratory. Acrylic porewater samplers (1 
cm vertical resolution peepers; comprising two 
columns of 4 mL cell) were deployed (3 peepers; left 
in place for two week) on May 2009 and November 
2011 to collect porewater and overlying water.  
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Peepers were deaerated with N2 for a minimum of 
15 days prior to filling the cells with deionized water 
and covering them with a hydrophilic cellulose 
acetate membrane (0.2 µm). Upon retrieval, peepers 
were sampled immediately for the measurement of 
pH and total dissolved concentrations of sulfides (∑
[HS-]), metals (Fe, Mn, trace elements) and major 
anions (results not shown). 

 

 
 
Fig. 1. Location of the wetland “Ciénega de 
Tamasopo” SLP. Mexico and the sampling site SS-
W. Processed with data from INEGI (1999). 

 
Analyses 

 
Sub-samples (0.1 - 0.5 g) of homogenized 

sediments were acid digested (HNO3, HClO4 and 
HF; [3]) to determine metals by Atomic Absorption 
Spectrophotometry (SpectrAA Varian 220Z or 
220FS). Reference sediment sample (TH-2, National 
Water Research Institute) was used for metals; the 
recovery was between 85-110%, and a laboratory 
control sample was analyzed for the water 
measurements. 

In water, sulfides were determined by the Cline 
method [4] and sulfates by ion chromatography 
(Dionex HPLC-IC 2500) and metals by Atomic 
Absorption Spectrophotometry (SpectrAA Varian 
220Z). All pH were measured within 10 - 30 min in 
the field with an electrode (IQ 150 pH meter). 
Samples and field blanks were stored to 4 °C in dark 
during their transportation to the laboratory. 
 
RESULTS AND DISCUSSION 

 
Oxidation and reduction reactions are of 

fundamental importance in wetland ecosystems. The 
fluctuating water table between the dry season and 

post-raining may affect the redox state because a 
shallow water column could promote changes from 
anaerobic to aerobic conditions at the sediment 
surface. In the wetland, the water column varies 
from 0.3m to ~1.5m depth, and this could expose the 
reduced sediments. In this work, concentration 
profiles of Fe, Mn, Cd, As, Ni, Hg, sulfates (SO4

2-), 
total dissolved sulfides ([HS-]) and pH were 
determined using dyalisis sampler at two occasions: 
the dry period (May 2009) and after the raining 
period (Novembrer 2011). Total metals 
concentration profiles in the sediments were 
obtained in May 2009.  Figure 2, 3 and 4 show the 
profiles of total Fe and Mn in the sediments, and pH, 
ORP, sulfates, sulfides, Fe and Mn in porewater 
determined in May 2009 and November 2011 
respectively. Concentration profiles of metals in the 
sediments and ORP profiles were only determined in 
May 2009. ORP values (<-150mV) are 
characteristics of conditions where the sulfates 
reduction occurs [1]. 

 

 

Fig. 2. pH and Redox Potential (ORP) with depth 
determined in porewater (D1, D2) and in sediment 
cores (C1, C2; May 2009).  

 
Water pH in the wetland corresponds to slight 

alkaline system; the geology of this region is of the 
karstic type. The oxidation-reduction potentials 
(ORP; Fig 2) show the heterogeneity of the 
sediments, the reducing conditions prevailing in the 
sediments even at the sediment – water interface and 
the rapid decrease of the redox potential with depth. 
The sulfate and sulfide concentration profiles (Figs. 
3 and 4) proved that sulfate reduction is an important 
process occurring in the sediments of this wetland 
[5,6]. Sulfide concentration between profiles varied 
more significantly when the water column was 
shallow as occurring during the dry period (May 
2009; Fig. 3). 

Metals respond to changes in the ORP [1]. Their 
mobility could be significantly affected if those 
changes affect the metal-binding capacity of organic 
matter, induce reductive-dissolution of Fe/Mn-
oxyhydroxides or sulfides oxidations. In reducing

SS-W 

C1 

C2 
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conditions, metals adsorbed on the Fe/Mn-
hydroxides are desorbed and could precipitate as 
sulfides in the sulfate reduction zone. In contrast, 
changes from a reduced to an oxidizing environment 
oxidize sulfides; in these conditions some metals as 
Fe can be mobilized and re-precipitated at the oxic – 
anoxic interface. This is probably the process 
affecting the chemical behavior of Fe and Mn [6]. 
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Fig. 3. Concentration profiles of sulfates, sulfides, 
Fe and Mn in the porewater (D1, D2, D3) and 
sediments of the “Ciénega de Tamasopo” 
determined on May 2009. 
 

 

Fig. 4. Concentration profiles of sulfates, sulfides, 
Fe and Mn in the porewater (D1, D2, D3) and 
sediments of the “Ciénega de Tamasopo” 
determined on November 2011. 

Figures 3 and 4 show a mobilization of Fe and 
Mn at depth where sulfides are produced and 
diffusion to the sediment – water interface probably 
conducing to an internal recycling that could explain 
the surficial enrichment of the sediment with these 
elements. Similar results have been reported in lake 
sediment [7]. 

Iron fluxes at the sediment-water interface 
(0.33±0.35 µmol/cm2.d; determined in November



6th I2SM –Chiapas, (Mexico), June 19-23, 2018 
 

14 

2011) suggest the diffusion of this metal from the 
sediment to the water column). 
 

 
Fig. 5. Concentration profiles of As, Cd, Ni and Hg 
in the porewater and sediments of the “Ciénega de 
Tamasopo” determined on May 9.  
 

Sediments in the wetland are rich in Fe as shown 
in Fig. 3. The redox behavior of this element 
probably control the stable accumulation of toxic 
elements (As, Cd, Hg, Ni) in the sediments and their 

mobilization at the sediment-water interface; also, 
their accumulation by plants in the wetland. The 
sediment cores and porewater sampling were done at 
a site without direct influence of plants; however, 
the oxidizing conditions at the rhizosphere in the 
wetland could induce the mobilization of metals and 
their accumulation by the plants as suggested by 
Vandecasteele et al. [8]. 

Fig. 5 shows the concentration profiles of As, 
Cd, Ni and Hg in porewater and As, Cd and Ni in 
the sediments. Some important information can be 
highlighted. Firstly, the enrichment of As and Cd in 
the surficial sediments that seems to be related to a 
contribution of the water column, a decreased 
concentration where sulfate are reduced probably 
related to a precipitation as Me-sulfides 
(concentration of As and Cd increase in the sediment 
at this depth) and a mobilization in deeper 
sediments.  The same behavior was observed for Hg; 
unfortunately we could not determine Hg in the 
sediments. In contrast, there is a slight contribution 
of Ni from the water-column and lower 
concentration at 0-5cm depth contrasting with 
increased concentrations in the sediments. 

 
CONCLUSIONS 

 

Sulfate reduction (and sulfide production) is a 
main process occurring at the sediment-water 
interface. This major redox process affects the 
mobilization of Fe, Mn and toxic elements as As, 
Cd, Hg. Mobilization of Fe and Mn and a re-
precipitation as metal sulfides suggest a recycling of 
these elements and enrichment at sediment surface. 
The cycle of the trace elements is probably related to 
this Fe/Mn behavior. Concentration profiles of Cd, 
As, and Hg also suggest a contribution from the 
water column. Ni seems to be a very mobile element 
and thus it is unclear the main contribution. 
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ODext

ODwat

DOnat

ODfin -
 ODwat DOnat

100% EPL 

Annual application in sediment 

Five-yearly application in sediment 

64% EPL 

Annual application in sediment 

Five-yearly application in sediment 
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ODEL
ODfin 

 ODEL .

ODEL ODfin

Good/high 3 Year-round DOexc and low 
P; low initial or 
maintenance costs 

Reasonable/ 
Regular 

2 Slow establishment of DOexc; 
high initial or maintenance 
costs 

Poor/Low 1 Anoxic conditions in the 
reservoir; very high initial 
or maintenance costs 

ODEL

Phoslock HOS 

Performance 
/Effectiveness 

Reduction of  P 
expected to 
occur in two 
weeks [10]); 
ODsed would 

persist 

Decrease in P 
and increase in 
DO expected to 
occur in 5-6 yr 

[8] 

Initial cost 
(USD) 

Relatively high 
(18 M) 

Relatively low 
(9.5M) 

Reliability 

High-cost 
reapplications 
when EPL not 

controlled 
(3.5 M USD/yr) 

Relatively low 
maintenance 
cost (0.5 M 

USD/yr) 

Logistics

Applied all 
over most of 

the reservoir; 
settles out in 

few days 

On-shore O2 
generators 
piping to 

submerged 
contact 

cones/diffusers 
in deepest sites 
of the reservoir 
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Water covers 

Monolayer cover with an elevated water table 

Cover with capillary barrier effects 

Store-and-release cover systems 

Low saturated hydraulic conductivity cover systems 
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PHYSICOCHEMICAL CHARACTERIZATION, ELEMENTAL 
SPECIATION AND HYDROGEOCHEMICAL MODELING OF SANTA 

LUCÍA PELOID USED FOR THERAPEUTIC USES 
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of Rio de Janeiro (PUC-Rio), Brazil. 

ABSTRACT 

Santa Lucía peloid is a sediment, extracted from salt mines, used in pelotherapy in Cuban primary health care 
services. Therefore, in addition to classical quality control analyses of total metal concentrations in sediments, 
speciation and complementary analyses are required to understand potential geochemical element availability for 
their use in human health. 

The present study was conducted to characterize the Santa Lucía peloid, based on the total metal content and 
geochemical speciation of major elements and transition metals (Cr, Cu, Fe, Ni, Mn, Pb and Zn), using a 
sequential extraction procedure and inductively couple plasma emission techniques. In order to predict the 
distribution of majoritarian and trace elements in different geochemical fractions, the physicochemical 
parameters, the particle size (electronic microscopy), mineralogy (X-ray diffraction), and the hydrogeochemical 
models (Pourbaix phase diagrams) were used. The results showed that the predominant cation was Na with high 
mobility and exchange capacity; meanwhile most of the trace elements studied (Cr, Pb, Ni) in this investigation 
appeared in the less mobile fractions, which suggested low availability in the sediment, under the studied 
conditions. The findings were useful to predict the behavior of the metals regarding solubility, potential motility 
and availability in the sediment, and it was concluded that most of the metals are strongly retained in the peloid 
and that sediment was considered as non-polluted, according to USEPA normative. 

Keywords: Peloid, Trace elements, Pelotherapy, Sediment, Santa Lucía

INTRODUCTION 

Peloids are multi-component systems which 
consist of mineral water and clay minerals, organic 
matter and organo mineral complexes that are 
applied in healing procedures [1]. Peloids can be 
formed by the interaction of geo materials with 
mineral waters over long periods of time in a natural 
environment or can be formulated in an artificial 
maturation process focused in a product with 
suitable properties for the treatment of specific 
pathologies [2]. 

During the last decades, several investigations 
have been done to get insights on the chemical 
composition and biological mechanism of action of 
peloids for the significance in their correct 
application and use in the treatment called 
Pelotherapy [2]. Tendencies of the chemical studies 
in peloids have been related with the determination 
of chemical species (organic and inorganic 
compounds with biological activities); changes in 
maturation process; determination of 

physicochemical and rheological properties of 
peloids, organic contaminants and toxic elements 
(As, Cd, Hg, Pb Se, Tl, etc.); and the establishment 
of standard criteria for the certification of the quality 
and suitability of the peloids devised for specific 
therapies [2]-[4]. 

In particular, mobile and/or exchangeable toxic 
elements (e.g. Fe, Mn, Cu, Zn, Pb, Cr, As, Cd, Hg), 
are of special concern, since they can be scavenged 
by the skin sweat [4]. These metals have therefore 
become important discussion issues in the 
“certification” of the quality of sediments for 
therapeutic uses [2]. However, there are only a few 
comprehensive studies related to the presence and 
availability of these metals in peloids, despite being 
a key knowledge to understand the possible 
beneficial and/or dangerous effects to human health 
[2], [4]. Particularly, there is a need for studies 
related to the geochemical composition of peloids 
used in balneotherapy due to the risk of heavy 
metals in peloids, the interaction between metals and 
other components of the peloid matrix, and with the 
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human biomembranes, with possible re-adsorption 
through the skin [2]. 

Besides the total content, metals can be 
partitioned into different chemical forms that are 
associated with a variety of organic and inorganic 
phases, depending on chemical and geological 
conditions [2], [5]. Thus, speciation analysis of 
metallic elements and mineralogical studies might 
provide useful information regarding the potential 
mobility and bioavailability of a particular element, 
which consequently can offer a more realistic 
estimation of its effects [5]. 

In Cuba, there is still a great reserve of natural 
peloids, used in pelotherapy. The profuse resources 
are related with coastal and salt mine (brine) 
sediments due to a wide distribution through the 
island coastal line. Santa Lucía peloid is a sediment 
extracted from “El Real” salt mine, located in Santa 
Lucía locality, in Camaguey Province, Cuba, at 20° 
52ʹ 03ʹʹ of north latitude and 90° 22ʹ 20ʹʹ west 
longitude. This peloid has been used in pelotherapy 
for many years, mainly associated with Cuban 
primary health care centers and services, for the 
routinely treatment of inflammatory (osteoarthritis, 
rheumatoid arthritis, bursitis) and dermatological 
(eczemas, psoriasis, cutaneous seborrhea and 
mycosis) processes. As far as the actual knowledge,
there are no reports of operational speciation and 
geoavailability of metals in this peloid; either or 
studies on its relation with the physicochemical and 
geological conditions, to predict the metallic 
elements mobility and establish the inorganic quality 
for its use in pelotherapy. 

The present study was conducted to characterize 
the Santa Lucía peloid, based on the total metal 
content and geochemical speciation of major 
elements and transition metals (Cr, Cu, Fe, Ni, Mn, 
Pb and Zn), using a sequential extraction procedure 
and inductively couple plasma emission techniques. 
In order to predict the distribution of majoritarian 
and trace elements in different geochemical fractions, 
the physicochemical parameters, the particle size 
(electronic microscopy), mineralogy (X-ray 
diffraction), and the hydrogeochemical models 
(Pourbaix phase diagrams) were used. 

MATERIALS AND METHODS 

Field methodology 

Surface samples of the peloid (20-40 cm) were 
collected directly in the “El Real” salt mine, 50 m 
away from the coastal line. A composite sample was 
prepared from 10different subsamples. “In situ” 
measurements of pH, oxidation–reduction potential 
(Eh),electric conductivity (EC), temperature and 
dissolved oxygen in the peloid samples were carried 
out using a HANNAHI-8424 pH/Eh meter, a WTW 

LF197 conductimeter with internal temperature 
probe and a HANNA HI 914 oxymeter, respectively. 

Sediment samples were sealed in clean 
polyethylene containers, placed in a cooler at 4 °C, 
and transported to the laboratory immediately for 
further analysis. 

Laboratory methodology and hydrogeochemical 
modeling 

The sequential extraction method followed a 
modified Tessier diagram [6], to obtain five different 
fractions: (i) exchangeable(EXC), (ii) bound to 
carbonates (CARB), (iii) bound to easily reducible 
oxides (Fe/Mn oxide-bound fraction) (ERO), (iv) 
bound to organic matter and sulfide (MO), and (v) 
residual (R-RES). Total metal concentration 
(digestion using HNO3 (65%) and HClO4

(60%)(3:1.5)) and sequential extraction procedures 
used in this study were previously described by 
Suárez [2]. The final extracts were analyzed using an 
inductively coupled plasma optical emission 
spectrometer (ICP-OES, Varian: 730-ES Optical 
Emission Spectrometer) to determine metals 
commonly present in sediments (Cu, Cr, Fe, Mn, Ni, 
Pb and Zn). Total metal concentrations were 
compared with results obtained from the sequential 
extraction procedure of the sediment samples. 
Quality control was assured by the analysis of 
triplicate samples and standard reference materials 
with recoveries ranged from 86 to 116% and 
analytical precision better than 10%. 

The Pourbaix phase diagrams were used as 
hydrogeochemical model to predict the dominant 
aqueous species of each metal and sulfur in the 
sediment, defined by the Eh and pH values [7]. 

Solid phase analysis (XRD, SEM-EDS, particle 
size) 

Bulk mineralogy was determined by X-Ray 
Diffraction (XRD) using PANalytical X'Pert PRO X 
Ray Diffractometer with Cu Kα radiation. Analyses 
were performed in a 2θ range of 5 to 90° at a scan 
rate of 0.02° s-1. Phase identification was carried out 
by comparison with the Joint Committee of Powder 
Diffraction Standard 2007 Data Base. Mineral semi-
quantification was estimated by the Reference 
Intensity Ratio (RIR) method using the X'pert High 
Score Plus software. 

For the Scattering Electronic Microscopy (SEM), 
the peloid samples were observed using a scanning 
electron microscope Phillips XL 30, EE.UU. The 
particle size was determined using at least 10 
different areas of each sample microphotography; 
and the image processing was obtained by the 
ImageJ IJ 1.46r software. The obtained data was 
classified by the International System of Texture of 
Soils and Sediments [39], and the normalized 
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classification of soils attending to different 
normatives (DIN (4022), British, ASTM) [8].

Sediment quality assessment 

In the present work, the peloid was considered 
and evaluated as a generic sediment, using standard 
quality guidelines (USEPA, 1977) [9] to establish 
chemical inorganic quality criteria, since it was not 
possible to find in the literature any specific 
requirements regarding metal content in peloids. 

Elemental results are then compared with 
background concentrations to determine if the metal 
content in the analyzed peloid represents a natural 
concentration or a contamination value. These 
background values are used for the calculation of the 
contamination factor (Cf) and the contamination 
degree (Cd) calculated as described in [2], [10].

The mobility factor (MF), as the relation of the 
content in the more labile fractions against all the 
fractions determined [10], were calculated as Eq. (1). 

100 
RES)-R+MO+ERO+CARB+(EXC

CARB)+(EXC
=MF (1)

RESULTS AND DISCUSSION 

Physicochemical, elemental characterization  

The results obtained for physicochemical 
parameters show very low (negative) oxidation–
reduction (Eh) potential (−0.413 ± 0.002V) and 
anoxic conditions with rather neutral pH values 
(6.79 ± 0.02). The main aspect is that electric 
conductivity (EC) is high with values of 120.86 ± 
0.03 mS/cm due to the salinity contributed by sea 
water. Both EC and Eh values show extreme 
geochemical conditions of the peloid and they can 
have a decisive effect in the chemical and biological 
reactions which are responsible for the properties of 
the peloid, since they can affect metal mobility due 
to changes in metal-binding capacity of humic 
materials, metal sulfide formation (or sulfide 
oxidation), and changes in Fe/Mn-oxyhydroxides [4], 
[12].

Elemental content analysis of major and minor 
elements of Santa Lucía showed that Ca, Na, Mg, 
and K are the main cations that contribute to 
sediment composition, and are also responsible for 
the high values of electric conductivity (Fig. 1). The 
concentration of these four major elements was 
found in the range of 190-61680 mg·kg-1. These 
cations are present in the sediment as result of the 
lithological contribution (terrigen-carbonated 
deposits and sands with composition rich in 
carbonates, gypsum and halite) and also the salts 
coming from the concentrated sea water. Other 
metals (Cr, Cu, Ni, Pb and Zn) appeared at lower 
concentrations (5.20-25.4 mgkg-1) (Fig. 1) as a result 

of lithological origin from the geochemical cycle in 
the ecosystem [2]. 

Fig. 1 Metal concentration in mg/Kg. 

Solid phase analysis (XRD, SEM-EDS, particle 
size) 

Table 1 shows the granulometric or particle size 
analysis obtained by SEM. The results demonstrate 
that the main sizes are related with fine sand 
distribution (near 60%) followed with a distribution 
as silty particle size (30%).  

This distribution corresponds with the coastal 
environment, with high percent of sand and low 
percent of clay (Table 1). Therefore, these results 
indicates that the retention of transition metals in the 
sediment is poor (it is reported that clayed materials 
with lower sizes (2 μm and < 63 μm) favor the 
retention and cation exchange having higher specific 
superficial area) [13]. Therefore, the distribution of 
the particle size may play an important role in the 
geoability, mobility and finally bioability of the 
metals showing Santa Lucía peloid, in this case, less 
retention capacity of metals than other peloids 
reported in literature [4], [13]. 

Bulk XRD analysis shows a homogeneous 
composition dominated by gypsum and halite. 
Phyllosilicates contribution (clayed material), in 
concordance with particle size analysis, is not high 
or significant. Other precipitated minerals in low 
magnitude are calcite as well as quartz, common in 
terrestrial crust (Table 2).

The use of theoretical Pourbaix Eh–pH phase 
diagrams in hydrogeochemical modeling, 
contributes to understand the potential mobility of 
metals. As can be seen in Fig. 2, the reducing 
conditions determine that all the metals are situated 
in the lower zone of water stability, corresponding to 
sub-aqueous sediment accumulations and in the so-
called “euxinic” environments of poorly ventilated 
marine water bodies or organic-rich brines pools 
[14].
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Table 1 Granulometric analysis  

Classification % Classification %

Clay 12.08
Sand

Fine 60.59

Silt 27.13 Thick 0.2

Table 2 Mineralogical composition 

Mineral % Mineral %
Phyllosilicates 10 Calcite 8

Halite 29 Pyrite 5
Gypsum 44 Quartz 4

Hydrogeochemical modeling 

In the case of the major elements, Na and K are 
predicted in their monovalent soluble species 
meanwhile Mg and Ca are described to be present in 
their divalent species and also MgHCO3

+ and 
CaHCO3

+ species with the same behavior than 
reported in [2]. For the trace elements (Fig. 2 a–h), 
the Pourbaix Eh–pH diagrams predicts that all 
elements, with exception of Cu (Cu (s)), are in their 
soluble form (Cr, Fe and Pb forming metal(OH)n+

species and Zn, Mn and Ni soluble divalent cations). 
These results predict a low retention of transition 
metals in the peloid in agreement with the findings 
of the particle size analysis and mineralogy. 

The sulfur species were also modeled due to the 
relevance for metal mobility in highly reductive 
environments. In the case of sulfur species (S), it is
predicted to appear in the form of H2S.

In these environments, the salinity is such that 
the water is no longer solvent and the 
thermodynamic conditions preclude the use of the 
PHREEQC software with conditions described [2],
and a special database must be designed for the 
environments of the samples.  

Metal speciation in Santa Lucía peloid 

Although total metal content can be used as a 
preliminary approach to evaluate quality and 
suitability of peloids for therapeutic uses, chemical 
speciation is of supreme importance to elucidate 
possible mechanisms of distribution and mobility in 
these complex systems. In peloids, no matter the 
total content, elements can only cause a positive or 
toxic response in biological systems, if they are 
mobile and available and can interact with sweat and 
biological barriers (skin or mucous membranes). 

The analysis of the different fractions obtained 
after sequential extraction showed the distribution of 
the species according to their affinity with the 
different phases (Fig.3 a and b). In general, the 
major elements are distributed in the leachable 
fractions (EXC, CARB and ERO). This behavior is 

due to the high solubility of the elements of the 
alkaline and alkaline-earth metal groups. 

Fig. 2 Pourbaix Eh–pH diagrams of the 
transition metals (Cr (a), Cu (b), Fe (c), Mn (d), Ni 
(e), Pb (f), Zn (g)) and sulfur (h) speciation in RSD 
and PSD sediments. 

For transition metals, shown in Fig. 3b, the main 
distribution is associated to ERO, MO and R-RES 
fractions, with the exception of Mn with 67% in the 
CARB fraction. The percentages of metals in the 
ERO fraction are of 22%, 15%, 77% and 10 % for 
Cr, Pb, Cu, Ni, respectively. Those values were 
higher than those obtained for another Cuban peloid 
(San Diego de los Baños), where the mentioned 
metals are linked in the less mobile fractions (MO 
and R-RES) and ERO fraction percentages were 
lower than 10% [2]. The results show that these 
transition metals in Santa Lucía peloid are less 
retained than in San Diego peloid, as predicted with 
the hydrogeochemical modeling and their particle 
size and mineralogical composition.

h)g)

f)e)

d)

a) b)

c)
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Fig. 3 Distribution of majoritarian (a) and 
trace (b) metals in the different extraction fractions. 

Specialized literature reports that in low salinity 
environments, the main factor controlling metal 
distribution is pH, meanwhile in cases with high 
salinity the distribution of metals is influenced by 
pH, EC and salinity, the last two intimately related 
[15] [16]. The trace metals at high salinity can be 
easily exchanged by alkaline metal and the 
saturation of the cationic exchange capacity of the 
sediment can occur. This phenomenon can decrease 
the retention and storage of trace metals in sediment 
matrix, as reported for Pb (II), Cu (II), Cd (II) and 
Cr (III) [12], [15]. These mechanisms are also 
conditioned by the high particle size that provides 
small specific superficial area causing low retention 
of trace metals.  

On the other hand, Mn is the more labile trace 
element with more of 67% in the CARB fraction. 
This behavior of Mn in sediments has been reported 
in the interaction with solutions with high NaCl 
concentration originating that Mn solubility arises 
due to the exchange reactions of this cation with Ca 
and Na, which preclude the sorption reaction of Mn 
over the ERO particles (Fe/Mn oxides), although 
other mechanisms as the formation of complexes 
with Cl- y SO4

2- have been proposed [16], [17]. 
Despite the difference in the behavior of trace 

elements in Santa Lucía peloid, in comparison with 
other reported peloids, under the studied conditions, 

still Cr, Ni and Pb are highly immobilized (MO and 
R-RES (78-85%)). The literature reports that Cr, Ni 
and Pb, showed a high affinity for the organic 
matter. Lead has been mostly distributed in MO 
fraction and is reported to form strongly bounded 
complexes with the organic matter, and that slighted 
alkaline pH inhibits the mobility of this element [2]. 
Ni and Cr, are mostly located between MO and R-
RES phases and it is reported that for Ni is expected 
that brusque changes in sediment conditions would 
lead to a slight redistribution between the MO and 
ERO fractions as observed in the sequential 
extractions [2]. Also the same behavior is reported 
for Cr, with the variation of salinity (higher salinity 
makes Cr less bounded to MO) [2]. 

Quality assessment 

Due to the therapeutic use of peloids, a further 
analysis of the concentration values of transition 
metals regarding possible contamination was made 
by comparing with the limits reported by the 
USEPA (Fig. 1). It can be seen that the 
concentration values for all the sediments were 
below the minimum limit reported by the USEPA,
so the peloid can be considered as non-polluted.
Also using the background of the marine sediments 
for terrestrial crust can be considered with low 
contamination factor (Cf) and low degree of 
contamination (Cd). Meanwhile the FM index shows 
that all the elements exhibit low mobility with the 
exception of Mn (Table 3).

Special care should be paid to the chemical 
equilibrium and distribution of trace metals, as well 
as to the conditions of application of the peloid, 
because, despite the results obtained for FM index, 
Santa Lucía trace metals exhibit lower retention than 
the obtained for San Diego de los Baños peloid,
mostly related with oxido-reduction changes (ERO 
fraction). Particular is the case of Mn species that 
are highly soluble and mobile, and can increase its 
bioavailability; however the dermal absorption of 
this metal is considered minimal and not a risky 
exposition pathway in normal conditions [2].  

Table 3 Contamination factor (Cf), 
contamination degree (Cd) and FM index for trace 
elements 

Element (Cf) FM
Cr 0,28 0,00
Cu 0,09 0,00
Fe 0,04 0,20
Mn 0,03 67,15
Ni 0,05 5,00
Pb 0,06 0,00
Zn 0,04 2,00
(Cd) 0,56

a)

b)
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CONCLUSIONS 

The results showed that the major cations were 
Na, Ca, Mg and K, and that Na was the predominant 
element with high mobility and exchange capacity. 
Some of the trace elements studied in this 
investigation (Cr, Pb, Ni) appeared in the less 
mobile fractions, but the effect of salinity and 
particle size are observed with the displacement of a 
percentage of all the elements distribution toward 
the ERO fraction. Even so, still the results based in 
the FM index suggest low availability in the 
sediment, under the studied conditions. Also the 
peloid is considered as non-polluted, according to 
USEPA normative and not contaminated in relation 
with the background levels of marine sediments. The 
findings were useful to predict the behavior of the 
metals regarding solubility, potential mobility and 
availability in the sediment, and it was concluded 
that most of the metals are strongly retained in the 
peloid. 
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ABSTRACT 

Wastes from bottom trawling fisheries that flow directly into the environment can have an important effect 
on the function of sedimentary ecosystems [1,2]. In this study, we analyze the composition of fatty acid of 
phospholipid esters (PLFA) and the environmental impact conclusions based on sedimentological (CaCO3, grain 
size), and sedimentary organic matter geochemical data ( 13C, 15N, C/N) in pristine areas and bottom trawling 
fisheries areas of Sonora and Sinaloa in the Gulf of California, Mexico [4]. While the PLFA ratios (
monounsaturated/ branched and iso+anteisoC15/C16) [5,6] showed statistically significant differences 
indicating oxic/anoxic sedimentary environments. The multivariate analysis of sedimentological and 
geochemical data showed no significant differences between pristine and impacted areas. These results lead to 
the conclusion that the ecosystem under the effect of the waste produced by bottom trawling fisheries in the Gulf 
of California can absorb this impact [4]. Our results show that PLFAs are highly sensitive to the impact of 
bottom trawl fisheries because they indicate predominantly anoxic bacterial biomass in areas influenced by 
fisheries waste. The distinct microbial community composition in trawling affected stations compared to pristine 
can explain the PLFA of the functional groups of microorganisms.

Keywords: PLFA, Bottom Trawling Fisheries, Carbon Nitrogen Stable Isotopes

INTRODUCTION 

Evaluating the effects of bottom trawling on 
benthic communities is complicated but crucial for 
impact assessment as anthropogenic activities in the 
marine coastal zone, which are increasing in Mexico.
The damage caused in the benthic marine ecosystem
varies with the type of sediments and biota, 
hydrodynamic parameters, bioturbation and trawling 
intensity, which lead to a very complex relationship 
that compromises diversity and abundance of 
species [1], [2]. Although some studies have been 
conducted on the impact of trawling on the seafloor, 
these investigations have focused on specifically 
evaluating changes and/or successions that occur in 
benthic communities before, during and after bottom 
trawling. Lately, trawl marks visible on the seabed 
have been studied using vessel monitoring system 
[2]. Some studies of sedimentary geochemical 
aspects of shrimp fishing areas have been focused in 
evaluating some properties of the sediment (grain 
size: sands vs. silts and clays) [3]. Elemental and 
isotopic carbon and nitrogen isotopes (C/N, 13C, 

15N) have been contrasted for areas of intensive 
trawling (disturbed areas and unconsolidated 
sediments) and non-trawling (pristine zones 
characterized by rocks, gravel, pebbles or sunken 
ships) [4]. The multivariate analysis did not show a

spatial distribution as indicative of a preferential 
grouping by any sedimentological and geochemical 
variable in the pristine and impacted areas,
suggesting that there is no significant impact of 
bottom trawling in the Gulf of California [3, 4]. In 
order to increase knowledge about geochemical 
disturbances produced by trawling fisheries in the 
same stations previously reported [4], we present 
results of phospholipid ester fatty acids (PLFA) from
surficial sediments of areas of disturbance versus
virtually undisturbed sites in shrimp fishery areas in 
the Gulf of California, Mexico. 

METHODS  

The sampling period (May) corresponds to the 
end of the season of the shrimp fishery in Sonora 
and Sinaloa, Mexico. Surficial sediment (2 cm) were 
collected with a Smith-Grad dredger at depths of 8 
to 47 m at Sonora and Sinaloa coast of Mexico.
From the total of 38 stations reported [4], 
subsamples were taken for the PLFA analysis and 5 
pristine stations (1, 3, 5, 14, 19) and 6 stations 
impacted by trawl fisheries were considered (20, 21, 
30, 31, 33, 38) as described in Fig. 1. Analysis of 
PLFAs were performed using the methodology of 
[5] based on fractionation of the total lipid extract 
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(ELT) obtained with dichloromethane: methanol 
(1.8:1 v/v) and using silica gel columns (S/P 60A) 
activated. The polar fraction eluted with methanol 
was derivatized with methanol at 39 °C for two 
hours. It was purified and stored under an N2

atmosphere at -20 °C until its chromatographic 
analysis (GC-MS) at CIBNOR. In this study, fatty 
acids (FA) were classified to establish functional 
groups of microorganisms:  monounsaturated 
(MUFA), polyunsaturated (PUFA), branched 
(branched FA) which permitted to contrast the 
presence of these biomarkers in the study area. 
Database of 56 PLFA per sample of 5 pristine 
stations and six impacted stations were classified 
according to [5]: Σpair FA <19C, Σbranched FA,
ΣMUFA <20C, ΣPUFA.

RESULTS 

The PLFA were determined within a gradient 
considering to represent possible environmentally 
dissimilar zones due to the effect of the bottom trawl 
shrimp fishery. The relative dominance of 
microorganisms’ characteristic of an environment 
was estimated based on the different proportions of 
fatty acid groups according to [5], which were 
evaluated in pristine and impacted stations. 
Statistically different sedimentary environments 
were found in the spatial scale identifying areas and 
degrees of disturbance associated to the effect of 
trawling fisheries.

Fig. 1 Study area in the Gulf of California, 
Mexico. Black squares are trawl fishery 
stations. Stations 20, 21, 30, 31, 33 and 38
were considered for PLFA analysis. Gray 
dots are pristine stations. Stations 1, 3, 5, 14 
and 19 were considered for PLFA analysis 

In our study, the low percentages of the 
polyunsaturated PLFA reported as characteristic of 
phytoplankton, indicated that the eukaryotic 
microorganism’s contribution is minor in the 
superficial sediments. The presence of high 
percentages of branched + monounsaturated PLFA 
(and the low percentages of polyunsaturated) 
indicate that bacteria are the main contributors of 
fatty acids to surface sediments and therefore, it is 
inferred that they are the predominant source of 
monoenoic fatty acids (e.g. C16:1w9 and C18:1w9) 
in these sediments. However, stations 1, 3, 5, 14 and 
19 showed very low rates (0.03) of i+aC15:0/C16:0 
indicative of high proportions of eukaryotic 
microorganisms in the pristine stations. These ratios 
contrast with 0.8 ratio in station 30 and similar 
values along stations 20, 21, 31, 33, 38 were a strong 
trawling fishing effort were associated with high 
i+aC15:0 percentages. 

Ratios of monounsaturated/branched PLFA were 
calculated for pristine and impacted stations. These
PLFA ratios allow evaluating the predominance of 
bacterial groups that circumscribe oxic and anoxic 
environments of the benthos. Very high ratios (3.5) 
detected in pristine stations indicate aerobic 
conditions with lower bacterial FA contribution and 
more phytoplankton organic matter nature in the 
surficial sediments. In contrast, ratios as low as 0.35 
(with 41% of branched PLFA in station 30) indicate 
anaerobic conditions as an effect of trawling 
fisheries (Fig. 2).

Fig. 2 Monounsaturated/branched PLFA ratios in 
pristine soft bottom stations and bottom 
trawl shrimp stations (20, 21, 30, 31, 33, 
38) in Sonora and Sinaloa, Mexico.

The branched, monounsaturated, cyclopropyl and 
saturated AG pairs <20 carbons have been attributed 
to bacterial populations "in situ" of marine 
sediments [5]. Of the 56 fatty acids identified in 
every single sample, > 50% are of bacterial origin. 
In our study, Σbranched PLFA averaged 4.7% in 
pristine stations in contrast to 20.6% in trawling 
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affected stations.  PLFA trans/cis ratios have been 
used as stress indicators. During starvation-induced 
phospholipid loss, the cis-monoenoic fatty acids 
would, therefore, be preferentially utilized
increasing trans/cis ratios. [6]. In our study, the 
18:1n9cis were abundant and consistent with very 
low ratios of monounsaturated/branched described 
previously in trawling affected stations in Sonora 
and Sinaloa area. In contrast, trans-monoenoic acids 
were very low practically inexistent indicating low
turnover rates of cis-monoenoic fatty acids of
membrane phospholipids and the availability of 
enzymes for the metabolism of these isomers. The
very low trans/cis value ratios of our study are 
consistent with ratios of mangrove, and estuarine 
sediment ecosystems (from 0.01 to 0.09) previously 
reported [6], which are well correlated with the 
anoxic environment and low grain size (silt). These 
results suggest that, in trawling affected areas, there 
is no bacterial membrane stress, such as that caused 
by starvation. Results of factor analysis explain 85% 
of the variability (Fig. 3). The factor 1 (70%) is 
weighted by 18:1n9trans fatty acid (18: 1n9T) and 
monounsaturated/branched ratio PLFA (mono/bran). 
This factor includes pristine stations (1, 3, 5, 14, 19).
Factor 2 explained 15% of the variability and is 
weighted by saturated fatty acids (pairs <20, odd 
<20 saturated >20), monounsaturated and 
polyunsaturated fatty acids (mono, PUFA), branched 
fatty acids (bran) and 18:1n9cis. The factor 2 
includes trawling affected stations (20, 21, 30, 31, 
33 and 38).

Fig. 3 Analysis multivariate factors of the study 
area. Red numbers indicate pristine stations 
and black numbers indicate trawling 
affected stations

Sánchez et al. [4], based on sedimentological and 
isotopic data multivariate analysis, concluded that 
not significant differences were found between 
pristine and impacted areas, which implicate that the 
ecosystem under the effect of the waste produced by 

bottom trawling fisheries in the Gulf of California 
can absorb this impact, must be reviewed. 
Statistically significant differences of our PLFA 
based study, indicated oxic/anoxic sedimentary 
environments, different organic matter nature, and 
type of bacteria existent in pristine and trawling 
affected stations. Factor analysis corroborates that 
the trawling affected stations are characterized by 
bacterial communities growing in predominant
anoxic conditions. Whereas in the pristine stations, 
the PLFA data indicate bacterial communities are 
growing in predominant oxic conditions.

CONCLUSIONS 

Wastes from bottom trawling fisheries that flow 
directly into the environment affect the amount of 
bioavailable sedimentary organic matter involved in 
remineralization process and consequently the 
structure and physiological state of bacterial 
community in our study site. The distinct microbial 
community composition in trawling affected stations
compared to pristine can explain the PLFA of the 
functional groups of microorganisms. The 
phospholipid ester fatty acids (PLFA) of the surface 
sediment are highly sensitive to the environmental 
impact of bottom trawling fisheries since their 
profiles can indicate bacterial biomass that grows in 
predominantly anoxic conditions, specifically in the 
areas influenced by fishery waste. Our results 
indicate that specific organic compounds must be 
considered to assess the impact of bottom trawling
fisheries. The insensitivity of the geochemical 
variables to the impact of wastes flow reported [4], 
may be due to the biogeochemical processes that 
determine the intervals of these variables and that do 
not make them statistically different.
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EXPERIMENTAL ESTIMATION OF STRUCTURES IMPACT 
PRESSURE OF A GRANULAR DEBRIS FLOW 

Mendoza-López Francisco Alonso 1, García-Aragón Juan Antonio 2, Salinas-Tapia Humberto3 and Díaz-Delgado
Carlos 4

1,2,3,4 Interamerican Water Resources Center, Autonomous University of State of Mexico, Mexico 

ABSTRACT 

Debris flows are a particular phenomenon of sediment transport in mountain rivers, its occurrence represents 
a risk to people and infrastructure. Due to their effects, it is important to increase the knowledge about their 
occurrence and behavior in order to have basic data for protection works design. In this work an experimental 
study to estimate the rheology and impact pressure was developed employing the particle tracking velocimetry 
(PTV) [1] in order to obtain particle velocity fields.  

A 6 m length rectangular flume was used with 150 mm x 300 mm of cross section. Granular materials taken 
from Xinantécatl volcano (Mexico) were employed (sediment densities from 1,420 kg/m3 to 2,420 kg/m3 and 
diameters from 2.36 mm to 6.32 mm). Channel slope, solid concentrations and solid - liquid flow rates were 
controlled to have frictional-collision debris flow conditions [2]. Debris flow image sequences were obtained 
with a system that is capable to turn on a LED array and synchronizing it with a high-speed digital camera. 
Particles displacements and velocities were obtained applying a modified PTV algorithm [3]. Then an image 
processing was made in order to determine velocity and impact pressure profiles.  

Different pressure models were analyzed, from classical hydrostatic models, Hydrodynamic models [4] and a 
hydrodynamic modified model that was shown to produce the best results. These models can be used to obtain 
debris flow effects over structures [5]. 

Keywords: Granular debris flow, Rheology, Velocity profiles, Impact pressure. 

INTRODUCTION 

In mountain regions, at occurrence of low 
frequency rains, a kind of debris flow with a large 
concentration of granular material is triggered. This 
flow characterized by the absence of fine particles 
belongs to a particular flow regime, between a 
purely collisional flow and a quasi static rate-
independent plastic regime. This latter flow is 
characterized by large frictional stresses developed 
between the grains that at high concentrations 
present multiple contacts between them. Also debris 
flow head, even with a tail with high fine contents, 
presents this hydrodynamic behavior. 

To model the collisional flow regime Kinetic 
theories have been developed to treat rapid flows of 
granular materials for moderate and low 
concentrations [6], [7]. The frictional regime has 
been less intensively studied because the network of 
contact points changes randomly [8], [9].  

The single-phase granular flow kinetic theories 
have been extended to include the effects of 
interstitial fluids by adding extra terms to account 
for particle drag forces and energy dissipation 
arising from the differences between the fluid and 
particle velocities [10], [11]. The main effect of the 
fluid is to dampen the energy of collisions which is 
reflected in a diminution of the granular temperature 
T.  

The term granular temperature has been 
associated with the mean-square particle velocity 
fluctuations. We can define (for the three-
dimensional case) a translational granular 
temperature T = [c2]/3. Where the particle velocity 
fluctuation c = (v − u), and v is the instantaneous 
particle velocity, u = [v] is the mean transport 
velocity and the brackets designate an ensemble 
average.  This parameter is very difficult to measure   
experimentally. Some authors [12] has attempted to 
do so by means of optical methods using polystyrene 
disks in chute flows.  

In this research granular materials consisting of 
mixtures of lithic gravel and volcanic low density 
gravel (pumitic gravel) were used in chute flows. 
The interstitial fluid was clear water in order to 
represent geophysical flows. This is intended to 
represent debris flow head dynamics, because of 
grainsize segregation during debris-flow motion. 
This segregation led to development of a debris-flow 
head consisting of gravel, and the high permeability 
of this gravel promotes rapid dissipation of pore 
pressure therein. Thus, in the 100 m long flume 
experiments performed by Iverson [13] the flow 
head basal pore-fluid pressure was close to zero, 
much smaller than the pressure necessary for 
liquefaction.  

The channel was able to tilt between 10° and 15° 
angles. Particle Tracking Velocimetry methods were 
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used in order to measure velocities, hence granular 
temperature and concentrations. A frictional-
collisional flow regime, between purely collisional 
and quasistatic flow, was deliberately obtained. To 
do so a Bagnold number larger than 200 and a 
Savage number less than 0.1 [13] were obtained in 
each of the experiments. The aim of the work is to 
obtain experimentally the order of magnitude of the 
shear stress distribution in a granular-fluid chute 
flow.  

METHODS

The experiments were performed in a rectangular 
channel with variable slope from 10 ° to 15 °. The 
channel is 6 m long, 150 mm x 300 mm cross 
section with transparent walls and Manning bed
roughness of 0.015 (see Fig. 1). Granular materials 
from the Nevado de Toluca volcano were used, with 
densities between 1,420 kg/m3 and 2,420 kg/m3 and 
diameters between 2.36 mm and 6.32 mm. Solid 
concentrations, solid and liquid flow rates were 
controlled to generate the conditions of a frictional-
collisional chute flow. The collisional and frictional 
stresses predominance were ensured with Savage 
numbers (NSav) less than 0.1 and Bagnold numbers 
(NBag) greater than 200.

Liquid flow rates were controlled by a valve 
previously calibrated. An estimation of solids 
concentrations was obtained in preliminary essays. 
During these essays the volume of solids were 
previously measured. When the sliding gate was 
open a mean concentration near 50% by volume was 
already guaranteed. 

Fig. 1 Tilting flume (a) and lifting mechanism (b) 

During the experiments the required conditions 
for a frictional-collisional flow, like tilting angle, 
solids volume, and liquid flow rate were adjusted in 
order to obtain the required Bagnold number (NBag) 
and savage number (NSav).

The ratio between collisional stresses τ c and 
viscous stresses τv is given by the Bagnold number 
NBag (Bagnold 1966) 

   (1) 

Where d is the average particle diameter, u is the 
average transport velocity, ρs  is the density of 
particles , μ is the viscosity of the interstitial fluid 
and λ is the linear concentration defined as

                                          (2) 

where C is the volumetric concentration of solids 
and Cmax is the closest pack concentration. 

In inertial flows with large collisional stresses 
NBag is larger than 200. 
The ratio between collisional stresses and frictional 
stresses τf is given by the Savage number NSav [2]. 

   (3) 

where N is the number of particles above an height z,
ρ is the density of the interstitial fluid,  is the 
particles friction angle and g is the acceleration of 
gravity.  

Reference [13] states that friction stresses are 
dominant over collisional ones if Savage number is 
lower than 0.1. This is possible if volumetric 
concentration is high, larger than 51% after Bagnold 
[14]. Also Takahashi [15] states that friction stresses 
are dominant for volumetric concentrations larger 
than 50%.  

Materials used 

Two kind of materials were used in the 
experiments coming from nearby Toluca volcano 
(see Table 1 and Fig. 2). Lithic gravel with high 
density and pumitic gravel from volcano origin with 
low density. 

Table 1 Properties of materials used in the 
experiments 

Parameter Unit
Material

Lithic 
gravel

Pumitic 
gravel

Solids density, s kg/m3 2,420.0 1,424.9
Solids specific 

weihgt, s
N/m3 23,740.2 13,978.3

Submerged 
specific weight

N/m3 13,930.2 4,168.3

Porosity % 42.0 58.5

Sizes range mm
2.36 -
6.35

2.36 -
6.35

Representative 
diameter, d mm 4.35 4.35

Settling velocity, 
D50

m/s 0.24 0.07

Internal friction angle ° 36.0 31.9
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After some initial experiments it was decided to 
use experiments with only lithic gravel and 
experiments with a mixture 50%-50% by volume 
lithic gravel and pumitic gravel. 

Optical technique 

Images were taken laterally through the 
transparent wall of the channel and analyzed using 
PTV.  Fluctuating velocities of the particles were 
obtained in order to estimate granular temperatures. 
Also concentration values were obtained. A LED 
arrangement was used and controlled by a software 
in order to obtain light pulses. 

The software SofCamDan was developed for 
image capture. Camera triggering and illumination 
are controlled with the software.  Input parameters 
are; exposure time of camera sensor, type of capture 
(one pulse or multipulse), lag time, time between 
pulses and number of images required.  

The images were treated with the software 
Matlab (2017) in order to define the free flow 
surface, the perimeter of near wall particles and their 
centroids. This was done for each   two images 
sequence obtained. The technique used follows the 
next steps: 

I. Some filters are applied to the original 
image in order to avoid noises, adjust 
intensities and identify edges (Median 
Filter and Sobel module). 

II. Some low intensities (representing the far 
away particles from the wall) are 
eliminated.  

III. Apply a threshold intensity value in 
MATLAB (2017) (the greyscale image is 
converted to a binary image) in order to 
obtain only the closest particles from the 
channel wall. 

IV. Image segmentation of the binary image 
in order to individual particle show up.  

V. Particle geometric characteristics 
determination (area, centroid and 
equivalent diameter) with  RegionProps 
module of  MATLAB (2017), 

VI. Process is repeated for other images, 

Once the particles are identified in each pair of 
images. They were analyzed with the software 
PTVpairs developed at CIRA. Vectors of movement 
were obtained with the particles centroids and 
particles velocity vectors were obtained taking into 
account time between light pulses. Because of the 
large particle concentrations classical PTV 
algorithms fail during pair identification.  To avoid 
errors three different criteria were adopted; a criteria 
of minimum and maximum displacement, a criteria 
of minimum and maximum angle and a criteria of 
similar equivalent diameter. 

The length criteria considered a minimum 
distance of 50% of the mean diameter and a 
maximum distance of 200% of the mean diameter.
The angle criteria considered a 10°   arch for valid 
particles. The equivalent diameter of a particle 
should not exceed ± 5% of the diameter of a particle 
that fits the angle and velocity criteria. All these 
criteria are shown in Fig. 2. 

Fig. 2 Criteria for pair detection in PTV algorithm 

Impact pressure calculations. 

Three kind of models are presented in the 
scientific literature for impact pressure (P) 
calculations; the hydrostatic [16], hydrodynamic 
[17] and a modified hydrodynamic [18], see Table 2. 

Table 2 Impact pressure models 

Hydrostatic model P= Cs* *g*h
Hydrodynamic model P= Cd* *U2

Modified
Hydrodynamic P= 5* *(g*h)0.6*U0.8

In Table 2, P is the impact pressure of debris 
flow in  N/m2, Cs y Cd are adjusting coefficients, U 
is the average velocity in m/s and h is flow depth 
in m.

RESULTS 

The experiments were performed changing the 
tilting angle of the channel from 10° to 15° and the 
solids volume supplied to the channel from 7.5 L to 
15 L. An initial set of experiments were done in 
order to define flows into the frictional-collisional 
regime according to Bagnold and Savage numbers. 
Liquid flow rate and solid flow rate were changed 
and the experiments shown in Table 1 were selected 
for image acquisition. The experiments consisted of 
lifting suddenly a gate with incoming constant liquid 
flow rate and with a solid volume behind the gate 
previously defined. The images of the flow were 
taken laterally at 3.5 m from the entrance (1 m from 
the gate) with CCD JAI camera model CV-

max

 Flow direction

de

min

Analysed particle

Area fitting criteria of
maximum and minimum
lenght

Area fitting criteria of
distances and angle

Rejected particles

Particles fitting criteria of
distances and angle

Particles fitting criteria of
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de
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Lmin
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M2CL(1024x1040 pixels spatial resolution and 250 
fps temporal resolution) in a region illuminated with 
an array of 40  LEDS of 3 W (wavelength 490-590
nm). The LEDS were organized in two groups in 
order to emit different pulses. 

Two types of material were used lithic gravel 
(called G) and a mixture 50% lithic gravel and 50% 
pumitic gravel (called M). Table 3 summarizes some 
of the parameters used in the experiments selected to 
show in this paper. For identification a key was 
designed in the form; tilting angle (°)-G or M-solids 
volume (L)-letter. 

Based on already defined centroids, images 
overlap shows the displacement of the particles. The 
displacements were transformed into velocity 
vectors and velocity fields for all pair of images. 
Figure 3 shows velocity vectors and the velocity 
field for the chute flow 10-G-10-g.  

Table 3 Parameters of experiments selected for 
image acquisition 

Til-
ting
an-
gle

Mate
rial

Liquid 
flow rate
(l/s)

Solid
Volume 
(liters)

Estimate
d
Savage 
number

Estimate
d
Bagnold
number

Key for
Identifi-
cation

10°

G
1.37 10 0.05 792 10-G-10-g

1.37 15 0.06 1,012 10-G-15-h

M
1.84 15 0.11 1,421 10-M-15-e

2.28 15 0.08 1,230 10-M-15-f

12°

G
1.37 10 0.05 1,056 12-G-10-a

2.28 15 0.03 834 12-G-15-b

M
1.84 10 0.06 1,063 12-M-10-e

2.28 10 0.11 1,758 12-M-10-f

15°

G
1.71 7.5 0.09 616 15-G-7.5-l

2.28 10 0.10 1,217 15-G-10-o

M
1.96 7.5 0.10 1,302 15-M-7.5-b

2.62 10 0.10 1,248 15-M-10-f

Fig. 3 Velocity vectors of particle velocities for 
the chute flow 15-G-10-o (flow direction is 
from right to left) 

The velocity vectors were used to calculate the 
mean total velocity, the mean normal velocity and 
the mean longitudinal velocity over a 1.125 mm 
horizontal layer. This allowed us to obtain velocity 
profiles for each of the experiments. Figure 4 shows 
the experimental data for the tilting angle of 10°,  
also is shown  the best fit curve, that will be used in 
order to calculate the shear rate (du/dy). 
Additionally, the model proposed by Takahashi [15] 
is shown, to estimate the mean fluid velocity for 
granular-fluid chute flows. It is observed that for 
large tilting angles the Takahashi model largely 
underestimates flow velocities. 

Fig. 4 Experimental data of particle velocities and 
best curve fit for 10° 

With particle velocities already obtained a mean 
velocity of the debris flow can be calculated. This 
allowed us to obtain the impact pressure of a debris 
flow (see Table 2) over structures, using Cs=5 and 
Cd=1.5 recommended values [16]. An example is 
presented in Fig. 5 for gravel in a 10° tilting angle 
with 15 liters of gravel a 1.37 L/s of liquid flow rate. 

Fig. 5 Example of flow pressure calculation, 
10-G-15-h 

It is observed that the hydrostatic model 
overestimate flow pressure for high flow depths and 
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underestimate it for low depths. The opposite is 
observed for the hydrodynamic model. The best 
estimation is obtained with the modified 
hydrodynamic model and it is recommended for 
protection structures design purposes. 

CONCLUSIONS 

An experimental research of geophysical debris 
flows was developed in a rectangular channel 
provided with optical access. Particle Tracking 
Velocimetry (PTV) was used in order to obtain main 
flow characteristics. Deliberately debris flows in the 
collisional-frictional regime were analyzed. This 
kind of debris flows causes the greatest impact over 
protection structures. It was found that a modified 
hydrodynamic model gives the most realistic results. 
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will the 
Las Cruces dam result in a direct detriment of the 
vegetative populations and their environment?
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The survey 
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Water availability in the basins 
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