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Abstract

:

The mouth of the Tinto River is located on the southwest coast of the Iberian Peninsula in the northwest of the Gulf of Cadiz. The river flows into an estuarine system shared with the Odiel River, commonly known as the “Ría de Huelva”. In the 1960s, a wide area of ancient salt marshes was transformed by a stockpile of industrial wastes of phosphogypsum, reaching a height of 35 m above the level of the salt marsh at its highest point. Two surveys using high-resolution seismic reflection in conjunction with a parametric profiler were carried out in 2016 and 2018. The purpose of these geophysical studies was the realization of a 3D model of the sedimentary units constituting the most recent filling of the estuary. The records present abundant extrusion structures located on the margins of the waste stockpiles, which break the visible stratification of the surficial units of the estuary. In some sectors, these structures have reached the estuarine surface and have, therefore, a morphological expression on the estuarine floor. The origin of these structures is interpreted as a vertical escape of fluidized sediments from lower units caused by overpressure from stacking.
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1. Introduction


Coastal systems, and estuaries in particular, are very sensitive to human actions, which can generate imbalances in terms of both hydrogeochemistry and sedimentary dynamics [1]. Regardless of this fact, during the last century and beyond, many industrial enterprises have been located within estuarine systems. In many countries, factories have been located in or near estuaries, where, for decades, they have dumped their liquid and solid discharges, but no reports of deformation of recent and unconsolidated sediments under these wastes were documented in the literature. The Río Tinto Estuary in Spain is one such case. The objective of this study is to analyze, through the use of seismic reflection techniques, the response of estuarine infilling materials on the north bank of the Rio Tinto Estuary to the solid waste piles dumped by one of the factories.



1.1. Location, Dynamics and Anthropic Framework


The Tinto River mouth is located on the southwest coast of the Iberian Peninsula, in the central sector of the Gulf of Cádiz at the southern limit of the city of Huelva. This environment together with the Odiel River mouth forms the estuarine system known as the Huelva Estuary (Figure 1A). From a morphological point of view, this system can be classified as a bar estuary following the criteria of Pritchard [2] and Perillo [1] and, from a dynamic point of view, can be defined as a wave-dominated estuary following the criteria of Dalrymple et al. [3]. This coast presents a semidiurnal and mesotidal character, with an average range of 2.1 m but ranging between 1.70 m at neap tides and 3.06 m at spring tides [4]. The tidal wave propagates inside the estuary following a hyposynchronous pattern. The open part of the estuary is affected by an average swell of moderate energy, with a mean significant wave height of 0.5 m. Atlantic storms from the southwest with wave heights of over 1.5 m can also arrive at the coast. However, in both, fair weather and storm waves act solely in the marine domain of the estuary and do not affect the study area, which is located in the central tide-dominated domain. The coincidence of orientation of the prevailing winds, coming from the SW, and the main channel of the estuary allows the frequent generation of waves inside the estuary, a fact that accelerates the propagation of the tidal wave to the inner estuarine domains and can create surges smaller than 0.5 m. The fluvial discharge of the Tinto River is markedly seasonal with significant interannual irregularity but is practically nil during the summer and periods of drought. The average flow is usually lower than 10 m3/s, although this can exceed 400 m3/s during severe floods.



The strategic location of the estuary, which provides the closest maritime access to the metals of the Iberian Pyrite Belt, led to the development of a large port complex accompanied by a nucleus of chemical and petrochemical industries. Several of these factories, now inactive, were engaged in the production of phosphoric acid for the manufacture of fertilizers. The industrial processing residue consisted of a substance known as phosphogypsum. The dumping of phosphogypsum onto the marshes on the north margin of the Tinto began in 1964 and gradually accumulated in height and extension until it ceased in 2010. During these 46 years, some 120 million tons of waste were deposited in the form of huge stockpiles distributed over an area of 1200 hectares and reaching a maximum height of 35 m over the old marsh surface (Figure 1). The study area is located along the north bank of the Tinto Estuary, bordering the southern margin of the highest stockpile (Figure 1B).



The estuarine depositional record under the stockpiles is composed of six Holocene lithological units (Figure 2A) deposited over Neogene formations of the Guadalquivir Basin [4]. Following the depositional order, the six Holocene units are U1—lower massive muds, U2—lower muddy sands, U3—massive sands, U4—sandy muds, U5—upper muddy sands and U6—root-bioturbated muds. These units display a wedged morphology, with a thickness of up to 30 m in the areas under the estuarine channel, which decreases towards the northern border of the stockpiles (Figure 2B). The morphology of the Holocene units is influenced by the paleotopography of the upper surface of the Neogene formations. The fine lithology of the lower (1 and 2) and upper units (5 and 6) means they function as aquitards, whereas the intermediate units (3 and 4) are mainly constituted by sand and function as a confined aquifer, characterized by high water content and elevated fluid pressure in pores [5].
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Figure 2. Geological setting of the stockpiles. (A) Synthetic sedimentary sequence under the stockpiles (Carro et al., 2018). (B) Geological profile showing the geometry of the sedimentary units and record of accumulated subsidence from geological information in previous studies [6,7]. 






Figure 2. Geological setting of the stockpiles. (A) Synthetic sedimentary sequence under the stockpiles (Carro et al., 2018). (B) Geological profile showing the geometry of the sedimentary units and record of accumulated subsidence from geological information in previous studies [6,7].



[image: Remotesensing 16 01465 g002]








1.2. Current Condition and Hypothesis


A recent study carried out by the same team of authors as the present paper [7] using a multibeam echosounder described various surface features, such as pockmarks, mud volcanoes and bulges. These were interpreted as the possible surface expression of injections of fluidized sediment from deeper layers of the estuarine infill. Other features described in the study were generated by bed erosion resulting from tidal currents or extreme fluvial flows in which the estuarine floor becomes hydrodynamically unbalanced. This imbalance has been attributed to an uplift of the channel bed areas where the supposedly extrusive structures are located.



The interpretations of the previous study were based on the hypothesis that the residues exert load pressure on the estuarine sediments. This overpressure can produce deformations in the sedimentary fill, resulting in subsidence phenomena in the estuarine sediments supporting the stacks [6]. This subsidence can be deduced from the fact that the original surface of the marsh, located at the upper limit of the intertidal area, is now situated more than 8 m below this level at some points under the stockpiles (Figure 2B). Subsequent work using differential synthetic aperture radar interferometry (DInSAR) techniques has shown that today, this subsidence is an active process and was in operation at least over the period 2016–2021 [8], reaching 16 cm/year in areas of the stacks closest to the study area. In parallel, horizontal displacements of some points on the surface of up to 2.5 cm/year have also been observed.



Thus, the working hypothesis is that subsidence under the stacks could have caused a lateral migration of fluidized material from Units 3 and 4 towards the estuarine channel and that this material could have been injected towards the surface at the margins of the stacks where the vertical pressure decreases. In order to test for evidence of such injections, this study carried out an underground analysis in the same area covered by the previous multibeam surficial study.





2. Materials and Methods


The study employed high-resolution seismic reflection using an INNOMAR SES2000 subsurface parametric profiler operating between 6 and 8 kHz (Innomar Technologie GmbH, Rostock, Germany). This sound source achieved a penetration of more than 6 m into the subsoil. The analysis and interpretation of the resulting seismic profiles allowed us to observe the acoustic response and geometry of the most recent lithological units (U3, U4 and U5), as well as the internal geometry of these units and their deformations. The seismic equipment was connected to a Trimble AgGPS332 positioning system with differential corrections (dGPS) implemented by an OmniSTAR HP module (Trimble Inc. Westminster, CO, USA). The measuring system was installed and operated from a navigating boat.



In order to observe whether the structures were active and undergoing displacement, two surveys separated by 15 months were carried out (December 2016 and March 2018). The surveys consisted of carrying out 11 longitudinal seismic profiles parallel to the alignment of the southern edge of the stockpile and to the main channel of the estuary (Figure 3). The layout of the profile tracks was the same in both surveys. These campaigns were carried out with the ship and technical support of the company Navíos de Aviso SLU.



To identify the different acoustic responses to the sedimentary facies, 7 vibracores were extracted along the intertidal zone of the southern margin of the pool (Figure 3). A vibracore is a type of sounding obtained by vibration applied to an aluminum pipe. These were taken following the method set out in [9]. The length of these cores was close to 5 m, reaching a thickness of sediment similar to the depth reached by the seismic records.




3. Results


The main results of this work are based on the link between seismic facies and sedimentary facies, which allows for a reconstruction of the geometry of sedimentary bodies and structures.



3.1. Seismic Facies


Seismic facies is a term used to refer to the set of properties observable in a seismic profile to differentiate lithoseismic units. These properties are the configuration, amplitude, frequency, continuity and speed of the seismic waves when passing through a lithological unit [10]. In short, seismic facies describe the acoustic reflection characteristics of the sediments. The seismic records obtained in this study enabled two seismic facies to be differentiated (Figure 4).



The upper seismic facies (SFU) was the more surficial of the defined facies. It was characterized by several parallel, closely spaced reflectors without any significant sharp unconformities. The top of this facies was the estuarine bed, while the base formed a well-defined boundary with the second seismic facies.



The lower seismic facies (SFL) corresponded to a poorly defined and transparent seismic record, which extended from the base of the SFU to the lower limit of the record.




3.2. Sedimentary Facies


The seven vibracores (Figure 5) enabled direct observation of the sedimentary facies corresponding to the two seismic facies described above. In general terms, five sedimentary facies can be characterized: parallel laminated muds, massive muds, parallel laminated muddy sands, massive muddy sands and massive shell accumulations.



The parallel laminated muds consisted of clayey silts with alternating sheets of dark gray and light gray or reddish-brown. The different colors in the sheets corresponded to their organic matter content, the darker colors being attributable to a higher carbon content. These facies were often partially bioturbated by annelids, bivalves or crustaceans and also may contain scattered bivalve shells.



The massive muds consisted of metric strata of dark gray clayey silts that were also occasionally highly bioturbated by the aforementioned organisms. Some millimetric intercalations of fine or very fine sand could also be found in these muds. The upper part of the sediment cores always contained parallel laminated and massive muds.



The parallel laminated and massive muddy sands corresponded to bodies several meters thick that either had a homogeneous fabric or presented parallel laminations marked by the intercalation of centimetric layers of a muddy nature. These facies occupied the lower part of the northernmost vibracore sequences.



The massive shell accumulations were mainly constituted from Ostrea edulis and Crassostrea angulata shell accumulations, with a muddy matrix and a clast-supported fabric. Generally, the main parts of the clastic elements were isolated valves, but in a very small number of cases, entire individuals could also be observed. In any case, there were no individuals in life positions, and consequently, the suggestion that the facies was a biohermic bank could be discarded. In the northernmost cores, these facies were found in a layer several decimeters thick, separating the upper muddy facies from the lower sandy facies, while in the southern cores, they formed much thicker bodies in excess of 2 m (cores VF-1, VF-2 and VF-3).



The parallel laminated and massive muds corresponded to the SFU acoustic facies, whereas the sandy muds and shell accumulations constituted the SFL acoustic facies. Regarding the relationship of these facies to the general sequence described above (Figure 2), it is interesting to note that the parallel and massive muds (and consequently SFU) corresponded to estuarine Unit 5 above, while the shells and muddy sands (and hence SFL) corresponded to estuarine Unit 4.




3.3. Geometric Relationships


Parallel disposition relationships between the facies similar to that shown in Figure 4 were observed only in the profiles furthest away from the tailing ponds. In contrast, the most widely observed structures were ascent plumes and diapirs, which developed on the margins of the stockpiles (Figure 6).



Plumes are simple extrusions with a metric diameter and little vertical displacement. In the seismic records, they can be observed to have a parabolic shape (Figure 6A). They are composed of fluidized sediment from the SFL and deform the base of the SFU, although some can also be observed inside the SFU. This phenomenon can be interpreted as injections of liquid that internally deform the mud sheets comprising this unit.



Diapirs are more developed extrusive structures and have larger dimensions than plumes. These structures are upward injections of the SFL that clearly cut the horizontal reflectors of the SFU, deforming them at their contact edges. Their diameter can reach several tens of meters, and they have more than 3 m of vertical migration (Figure 6B). The most evolved diapirs are more than 20 m in diameter, and their vertical displacement exceeds 4 m, completely cutting through the SFU and reaching the surface (Figure 6C). In these cases, the seismic profiles show the surface to be deformed. This bulge is due to the extrusion of material and coincides with the area where mud volcanoes have been observed on the surface.



The maximum expression of the extrusive deformation of the SFL is the presence of a large dome of this material that has displaced the SFU, causing it to become completely eroded and dismantled. This dome is located at the southwestern end of the raft margin (Figure 6D) and is constituted by the metric accumulation of the shelly facies observed in cores VF-1, VF-2 and VF-3 (Figure 5).



The particular distribution of the injections shows the dimensions and deformation of these structures increasing from northeast to southwest.




3.4. Dynamics and Evolution


Field surveys carried out in December 2016 and March 2018 traced the same navigation lines in order to compare the records and determine whether any visible displacement of the plumes or the diapirs had taken place. In both cases, clear displacements were observed. Some plumes rose between 0.5 and 1 m in the 15 months between the two surveys (Figure 7A).



Movements were also observed in the diapirs, but in this case, the displacements were less than 20 cm, apart from in exceptional cases (Figure 7B). It can also be observed that the ascent of diapirs deforms the levels of the different lithofacies constituting the upper seismic unit (red arrow in Figure 7B).



In addition to the evolution of sediment injections, changes in the bed surface can also be observed. In some sections, the erosion of the upper sedimentary layers is clear, as in the case of Figure 7A, where the layers located above the bolder upper reflector appear to have thinned in March 2018.





4. Discussion and Conclusions


The storage of phosphogypsum as a stockpile on the surface of an ancient salt marsh over a period of more than four decades (from 1964 to 2010) meant an increase in the pressure exerted by the materials on the underlying estuarine units, causing subsidence [8]. A recent study analyzed the surficial structures of the estuary channel along the southeastern side of the piles using multibeam echosounder techniques [7]. The study revealed the presence of different-shaped fields: pockmarks, mud volcanoes and bulges. These structures were interpreted as a possible result of the combination of sediment deformations and erosion by tidal currents in response to the overpressure caused by the stockpiling of industrial waste. Nevertheless, this interpretation remained to be demonstrated until seismic records provided evidence of these deformations. The present paper provides these subsoil data.



The analysis of the deformation structures observed in the seismic records allows us to distinguish plumes of liquefied sands, diapirs and domes. The plumes represent minor deformations, and their presence is more frequent in the northeastern margins of the piles. The location of these structures coincides with the pockmarked field observed by Carro et al. [7]. Diapirs are larger-scale deformation structures that occupy the central part of the study area. These can reach up to 100 m on the surface, with more than 5 m of vertical displacement. A curious thing is that the diapiric structures can be observed at different stages of development, from deep to breaching the surface. In places where diapirs reach the surface, mud volcanoes have been observed. The large domed structures appear in the SW sector of the study area. These domes can exceed 300 m in length and rise more than one meter above the bed of the estuary. The dome structures coincide with the bulge field identified by Carro et al. [7] at the bed of the channel.



The different injection structures described present a gradation that could be interpreted as different stages in the loss of fluid from the lower units (Figure 8). In this conceptual model, the incipient deformation is represented by the plumes, in which the water contained in the pores escapes through the upper units (Figure 8A). In a more advanced stage of evolution, due to higher fluid pressures, an injection of fluidized sediment can occur, forming the deep diapirs, which do not present significant vertical development but sometimes grow sufficiently to deform the horizontal stratification of the upper layers (Figure 8B). With more advanced deformation, the diapirs reach the surface, which can be observed as an expulsion of fluidized sediment to the exterior in the form of mud volcanoes (Figure 8C). Finally, the massive diapirs attach to each other to constitute a large dome, the surface expression of which takes the form of a bulge (Figure 8D).



Some authors [11] related the mud volcanoes to the diapirs, considering a submarine mud volcano as the surficial expression of the underground structure from which mud and fluid vertically flow and erupt. The combination of deep structures and surface shapes described in this paper is consistent with what has been described by other authors [11,12,13]. According to these authors, some diapirs and other sediment injection structures can rise from the deep subsurface without breaching the surface, while other structures break through the upper layers and reach the exterior. Mud volcanoes are the expression of fluidized sediment eruption at the seafloor. In the case of dome creation, the upper unit is elevated in such a way that it causes a restriction in this section of the estuarine channel, leading to an acceleration in the currents, which ends up completely eroding the unit. It was described how the presence of these structures exerts a significant influence on the interaction of the bed morphology with the water masses [14]. In this type of restricted coastal environment, this factor becomes even more significant because the rise of the floor strongly controls the estuarine hydrodynamics.



The combination of multibeam echosound and vertical seismic records (Figure 9) shows perfect agreement with respect to the surficial forms of the bed floor and the deformation structures described. In this 3D scheme, it can be seen how the less evolved injections (plumes and pockmarks) are found towards the NE, while the more evolved ones (domes and bulges) are located in the SW region, with the diapirs located in the central area. This indicates that the deformation began earlier in the SW region, and that is why the structures that present greater deformation are observed there.



The piling of 35 m of industrial waste on the marsh surface in just 40 years has doubled the load supported by the sediments of the lower units of the estuarine fill [7]. As a consequence of this sudden increase in load, the surface of the old marsh has undergone more than 8 m of subsidence at some points, as has been observed in several surveys [6,15]. This subsidence necessarily implies a deformation of the sedimentary units deposited under the stockpiles.



The Neogene formations located under the stockpiles present some faults (observable in Figure 2B). Recent studies have shown that these faults were active until only a few thousand years ago [16,17]. The weight of the stockpiles could activate these faults again and, in fact, their movement could explain part of the observed subsidence. Furthermore, another part of the subsidence could be absorbed by a compression of the aquifer sands of Unit 3, which are extruded laterally towards the margins of the piles where the vertical pressures are lower. In this sense, lateral mass flow has been cited in this regard as a subsidence mechanism [18]. The presence of diapirs on those margins of the piles that have experienced the greatest subsidence indicates that the lower units in the estuarine side of the stockpile (composed of sandy mud and muddy sand) were liquefied and injected vertically.



From a methodological point of view, a very similar approach, using three-dimensional seismic profiles and multibeam data, was adopted in a deep analysis of the Pearl River mouth in the North China Sea [19]. This study revealed numerous fluid injection features and associated shallow gas extrusions over several kilometers. In our case, the structures described have been interpreted for the first time as the result of the vertical migration of fluids and fluidized sediments due to overpressure from a pile of industrial waste. However, these structures present morphologies similar to those observed on some continental platforms and are attributed to gas and water extrusions (e.g., [20,21,22,23,24,25,26]). Milkov [27] was the first to consider the extrusion of fluids as a generic phenomenon, adding that these fluids are usually gases but could also be water, brines or oil. The work also systematizes the possible causes that generate the rise of fluids, considering geological, tectonic, geochemical and hydrogeological causes, among which the pressure from superficial sedimentary stacking is included. Other authors like Kopf also describe these structures as resulting from the rise of fluidized sediments affected by overpressure [12]. Both Milkov and Kopf described cases of high sedimentation rates on continental margins related to various geological contexts but mainly associated with convergent plate boundaries. There are also abundant multidisciplinary studies carried out in the Gulf of Cadiz and the Mediterranean Sea (e.g., [28,29,30]) focused on identifying and describing these underwater structures. In a very different context, other authors interpret some kilometric diapirs located in a tectonically inactive basin in northern Calabria [28]. However, they attribute a similar genesis to many other mud diapirs from volcanic provinces of the Mediterranean with active tectonics [31,32,33].



Other extrusions common in natural environments are salt diapirs. This type of extrusion has been observed in several basins worldwide (e.g., [34,35,36]) and can be described in terms of the halokinetic movements, which depend on the dimensions and geometry of the salt strata and the thickness and nature of the sedimentary sequence deposited above the salt bodies [37]. The dynamics of the main part of these diapir structures seem to be related to compressive tectonic phenomena rather than to the sedimentary load. On the other hand, the movement of these diapirs is usually slow because the salt behaves like a ductile plastic fluid [38]. Some authors have developed models of the dynamics of salt diapirs that accurately reproduce field observations [39]. These models show how rising salt pressure creates a bulge over the diapir. This uplift arches over the overlying sediments, which eventually erode and disperse. This dynamic turns out to be very similar to what was observed in the diapirs described in this study, although the speed of the process characterized in the model is noticeably slower.



Despite the similarities, the scale of the structures described in this work is significantly smaller than both mud and salt diapirs. All the cases described in the bibliography have dimensions of several hundred meters and even kilometers in contrast to the structures of only tens of meters described in the present work. On the other hand, without exception, all these authors cited natural cases in active inner estuarine zones. Nevertheless, the rest of the process suggested in the literature is totally compatible with the interpretation suggested in this paper. The stacking of industrial waste in stockpiles is very common worldwide. Specifically, there is a widespread distribution of phosphogypsum ponds around the world. Consolidated tailing stockpiles have been described as a cause of subsidence in mining contexts. In the case of a mine located in the Great Lakes region of North America, active subsidence was documented under a pile of minerals due to the lateral flow of glacial sediments. This caused sinkage of about 2 m over a period of decades [40]. However, there has never been a documented case of land subsidence in estuarine sediments under a stockpile due to their load. Neither has there been documented the presence of fluid or fluidized sediment escape structures in response to this subsidence. This case shows that, in the future, the subsoil on which stockpiles of this type will be located must be studied in detail before carrying out deposits.



This process will continue to be active for as long as the load is maintained and the fluidized material remains under the stockpiles. It is thus foreseeable that subsidence will continue to occur at a rate of the same magnitude. However, it must be taken into account that the study is located in a seismic zone. Consequently, an earthquake of moderate magnitude could accelerate the process of diapiric uplift, dramatically increasing the rate of subsidence and causing the reservoir to collapse on the margins of the estuarine channel.
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Figure 1. Location of the study area within the Tinto River Estuary (A) and the phosphogypsum stockpiles (B). The location of the profile in Figure 2B is indicated. 
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Figure 3. Location of the longitudinal tracks of seismic profiles (yellow lines) and vibracores (red circles). 
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Figure 4. Appearance of the two defined seismic facies. 
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Figure 5. Sedimentary sequences in the seven vibracores in the study. Level 0 corresponds to the equinox extremely low water level. 
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Figure 6. Seismic profiles in which different fluidized sediment injection structures are observed. (A) Plumes. (B) Diapirs without surficial expression. (C) Diapirs with surficial expression. (D) Dome. 
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Figure 7. Evolution of injection structures in the study area between December 2016 and March 2018. (A) Plumes. (B) Diapirs. Red dashed line shows the position of the boundary of the injections in December 2016. 
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Figure 8. Conceptual model of the injection structures studied at different stages of evolution. (A) Fluid plumes with surficial pockmarks. (B) Deep diapirs with no surficial expression. (C) Reaching surface diapirs with mud volcanoes. (D) Extensive dome with surficial bulges. 
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Figure 9. Diagram block linking a representation of the multibeam echosound record cut by a seismic profile. 
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