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Abstract
Rapid and accurate delineation of contaminated sediments in marine environments is critical for the effective assessment of site risks and the development of appropriate remedial action plans. In this study, a new application of the ultraviolet optical screening tool (UVOST) equipped with electrical conductivity measurement (UVOST-EC) is proposed to delineate a water-covered sediment contaminated with dioxins and furans in a decommissioned pulp and paper wastewater stabilization basin. Bench scale experiments are presented that were used to develop a UVOST-EC interpretation method for delineating between two different sediment types present in the basin: an anthropogenically derived organic rich contaminated sediment (“black sediment”) and a naturally occurring grey organic silt sediment with marine provenance (“grey sediment”).  The method involves comparative analysis of fluorescence and electrical conductivity signatures between the two sediments. Results indicate that each sediment type presents unique “signatures” related to fluorescence and electrical signals which corresponds to variability in their physio-chemical structure. Almost 100 UVOST-EC tests performed at the study site were paired with ex situ physical gravity core measurements of the black sediment to test the accuracy of the UVOST-EC-based method. A statistical analysis at seven sample “cluster” sites (i.e. multiple sub-samples within a defined area) indicated that the mean of sediment thickness obtained by the UVOST-EC measurement technique at a given site were not significantly different (p=0.05) from measurements derived from sediment gravity core measurements. The UVOST-EC-based sediment thickness delineation method reliably determined the thickness of the dioxin and furan contaminated sediments as compared to gravity core determination for the sediment in this study. Application of this approach to other studies should be assessed in a similar manner. The UVOST-EC method offers health and safety, cost, logistics, and data interpretation benefits. 
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1 Introduction
Adequate delineation of the extent and thickness of contaminated sediments is critical to understanding risk at contaminated sites (Yong, 2000; Alimohammadi et al. 2020; Chaudhary et al. 2020; Hoffman et al. 2019, Davis et al. 2018; Hoffman et al. 2017). This is especially important at large and complex sites (e.g. harbours, basins, rivers, etc.) as sediment distribution can be influenced by many factors (current, tides, wind direction, etc.) leading to enhance complexity from an engineering, environmental, and program management perspective. Inadequate knowledge of contaminated sediment volumes can often result in unforeseen costs in site management and remediation program delivery. This can negatively impact large sediment dredging and disposal projects if actual volumes to be managed vary significantly from the initial estimates (Hamilton 2020). Advances in site characterization approaches through the use of direct push probing technologies has provided significant benefits in terms of reducing costs, uncertainty (e.g. poor sample recovery) and time required to delineate soil layers and develop robust conceptual site models (Campanella and Weemees 1990; Lieberman et al 1991; Piccoli and Benoit 1995; Lunne et al. 1997; McCall et al. 2005&2017; McCall and Christy, 2020). However, physical matrix sampling approaches (e.g. sediment core sampling) remains an accepted approach to characterize contaminated sites. In practice, the acquisition of large numbers of representative samples via physical approaches can be time consuming and expensive. Inadequate physical sampling due to cost concerns can result in inadequate estimates of contaminated sediment volumes. 
The Ultraviolet Optical Screening Tool (i.e. UVOST) represents an alternative method for delineating soil contamination as this method can rapidly produce high resolution data with depth. The UVOST method does not require the physical manipulation (i.e. collecting, processing, storing and testing) of retrieved sediment samples that is required when physical sampling methods (e.g. gravity core) are used since the characterization is performed in situ. The UVOST was originally developed as a technique to rapidly detect polycyclic-aromatic hydrocarbons (PAHs) within non-aqueous phase liquids (NAPLs). The tool collects time-resolved fluorescence measurements from a soil-water system as the probe’s primary sensor is pushed through a sediment (or soil) of interest. The UVOST has primarily been used in site remediation applications to delineate the distribution of NAPLs and PAHs in sediments and soils (e.g.  gasoline, diesel, motor oil, etc.) (Ko et al. 2004; Grundl et al 2003; Kotzick and Niessner 1996; Bujewski and Rutherford 1997) and hence common field applications of the UVOST involve delineation contaminant thickness at sites associated with fuel or hydrocarbon liquid releases. The ability to capture high resolution spatial data (measurements taken at the centimeter scale) with direct push logging systems such as the UVOST, membrane interface probe (MIP), and hydraulic profiling tool (HPT) are useful for the delineation of lithology and contamination in many soils and sediments (St. Germain 2019, McCall et al. 2014, McCall et al. 2018, McCall and Christy 2020). 
This study explores the potential to extend the application of the UVOST equipped with electrical conductivity measurement (UVOST-EC) as a sediment characterization tool at a site where an organic rich, water-covered contaminated sediment layer has been deposited. This deposited sediment layer represents the primary source of contamination; dioxins and furans. Since 1967, this sediment has been deposited in a fresh waste stabilization basin continuously receiving primarily pulp and paper wastewater effluent. The effluent contaminated sediment is black in colour, contains >25% organic carbon and ranges in thickness from less than 5 cm to greater than 170 cm (Hamilton 2020) with a nominal average thickness of between 20 cm and 30 cm (Hamilton 2020; Alimohammadi et al. 2020). This stabilization basin was formerly a meso-tidal estuary; a naturally occurring grey marine sediment underlies the effluent contaminated sediment (Davidson et al. 2021). 
[bookmark: _Hlk67670765]This research was undertaken to determine if the differences in sediment composition between the organic rich contaminated sediment and the underlying grey naturally occurring estuarine sediment could be accurately delineated via in situ optical/electrical techniques. Given that the dioxins and furans are solely present in the black sediment and will not likely fluoresce any appreciable amount to their molecular structure and low concentrations, the intent of this study was to use the presence of the black sediment as a proxy for dioxin and furan contamination. Previous work by Holmes (2018) and Davidson (2018) used stable isotope analyses to verify the provenance of the black and grey sediments at the study site as terrestrial and marine, respectively. This was based on classification schemes discussed by Galimov (2012), Mackie et al (2005), and Meyers and Lallier-Vergès (1999) related to total C, total N, and stable isotope analysis. It is this difference in provenance and physio-chemical properties that led to the hypothesis that the organic matter in the black sediment would fluoresce differently than that of the grey sediment when subjected to ultraviolet light from the UVOST-EC. Hence, the objective of this research is to examine the ability of the UVOST-EC to stratigraphically delineate the anthropogenic contaminated sediment layer. Bench scale testing to demonstrate the proof of concept for the proposed technique is explored. This work describes the Boat Harbour field study site, used as a “natural laboratory” that is well suited to the evaluation of the UVOST-EC’s performance via a robust, on-site pilot study. A statistical comparison between the almost 100 field UVOST-EC and 100 field gravity cores was undertaken to assess the reliability of the UVOST-EC method to delineate the mean contaminated sediment thickness in various locations of the study area. 
 
2 Material and Methods
2.1 Study Site
The Boat Harbour effluent treatment facility and its various components have been described by others (Davidson et al 2021; Tackley et al 2021; Chaudhary et al 2020; Hoffman et al. 2019; Hoffman et al. 2017). The facility has been in operation since 1967 but as of 2020 is no longer actively receiving pulp and paper effluent. In this paper, “Boat Harbour” refers to the 160 ha sedimentation basin of the Boat Harbour effluent treatment facility; this feature contains the majority of the contaminated sediment at the site (Alimohammadi et al. 2020). In 2022, the entire effluent treatment facility will be subject to a large-scale remediation project (290M Cdn$) where dredging and on-site storage of the black sediment (contaminated material) is proposed as the preferred method for remediation and restoration of the basin back to a functional estuary feature. The black sediment is overlain by effluent water (up to 8m depth) in the basin. The black sediment is known to be contaminated with dioxins and furans, metals, and other organics at levels above various Canadian guidelines (Hoffman et al. 2019, Hoffman et al. 2017). 
Studies by Davidson et al (2021) and Alimohammadi et al (2020) to characterize the physical and chemical characteristics of the sediments found that the black sediment contains 25-31% terrestrial organic carbon. The black sediment’s solids content ranged from 2% near the top of the water-sediment interface to a solids content of 12% at the contact with the grey sediment. Song (2021) showed that the grey sediment is composed of approximately 1.5% organic carbon. Studies by GHD (2018) have shown the grey sediment layer is uncontaminated and that contamination is associated with the anthropogenic sediments derived from the pulp and paper effluent.  Figure 1 shows a percussion core containing the two sediment types, split longitudinally after freezing, for visual context.
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Figure 1. Boat Harbour sediments obtained from split percussion core. 

2.2 UVOST-EC
The UVOST-EC system (manufactured by Dakota Technologies Inc.) consists of above-ground instrumentation, communication umbilical, and a down hole probe. The system is designed to perform in situ Laser Induced Fluorescence (LIF) with time resolved analysis as it is advanced into the subsurface, thus providing a vertical log of LIF data. System design enables the delivery of a 308 nm xeon chloride laser pulse to the sample matrix through the probe head. The sample matrix absorbs and reflects the light energy; adsorbed energy may excite electrons from the ground state to higher energy states. Excited flourophores may release energy in the form of light (in the absence of confounding factors) as electrons return to the ground state. The light which is re-emitted (i.e. fluoresced) is detected by a secondary optical cable and processed using proprietary software after the light passes through a series of four wavelength cut-off filters (350, 400, 450, and 500 nm). The cut-off filters and optics hardware create a time delay so that each waveform can be received, processed, and presented simultaneously as a two-dimensional waveform (St. Germain, 2019). As the probe is advanced in the subsurface, it continually records data from the pulsed LIF. The rate of probe advancement determines the processed data’s stratigraphic resolution. At a recommended delivery rate of 2 cm/s, the UVOST-EC is able to produce approximately centimeter scale spatial data. The UVOST-EC used in this study to perform LIF spectroscopy was also outfitted with an electrical conductivity (EC) detector to assess electrochemical changes in the bulk sediment properties. The use of EC in the determination of subsurface water quality investigations has been performed by McCall et al. (2017).  Hence, the UVOST-EC probe allows for the collection of both electrical and optical data simultaneously.
To normalize the total emitted fluorescence data, a compound known as a reference emitter (RE) is used. The RE is a known hydrocarbon standard which is provided by the manufacturer. The total area under the waveform (fluorescence intensity x tau (time decay)) associated with each wavelength (from the four cut off filters) of the sample is compared to the standard and presented as a percentage of the Reference Emitter (%RE) signal. Prior to use, the tool was calibrated using the reference emitter (RE) standard to background levels to ensure proper performance. The calibration step is performed prior to each sampling event (vertical log). The conductivity attachment was also calibrated prior to each sampling event utilizing a “test block” of known electrical conductivity. 
After testing, the readings from the sediments were extracted for further analysis. These signals provide parameters related to each measurement’s fluorescence intensity and time decay (tau) at a given wavelength as well as the electrical conductivity (mS/m). The following parameters were examined to compare the signal received from each sediment type: 1) Percent Reference Emitter (%RE) value, 2) wavelength contribution at a given depth via the use of peak height (pV)/decay time, and, 3) electrical conductivity measured in millisiemens per meter (mS/m). 

2.3 Bench Scale Testing
	Initial exploratory bench scale testing of both the black and grey sediment was performed in the laboratory to assess the ability of the UVOST-EC to detect differences between the black and grey sediment. Bulk samples of both sediments were first individually analyzed by the UVOST-EC followed by the analyses of a laboratory-prepared mock in situ sample of the two sediments. 
Ten individual bulk samples of black sediment and ten bulk samples of grey sediment were obtained from Boat Harbour for bench scale testing. Samples were placed in disposal aluminum containers. Each of these samples were subsampled three times for testing with the UVOST-EC; two of the subsamples were used for fluorescence testing, and one was used for electric conductivity testing. Fluorescence samples were applied to the sapphire window of the probe head using a scoopula. The sub-samples were applied at a 1 cm thickness (above the sapphire window interface) to minimize light penetration through the sample. Sediment was applied to the conductivity sensor such that it touched both the conductivity interface and the probe body (thus completing the dipole connection). This testing generated a total of 20 fluorescence and 10 conductivity data points for each sediment type per sample. After the sample data was collected, the resulting 20 fluorescence recordings were averaged, and fluorescence contributions from the sediment were extracted from the dataset for further analysis.
For the bench scale in situ mock core, a 1000 mm long cylindrical PVC tube (300 mm diameter) was capped on the bottom and filled with the grey sediment (405 mm thick) followed by the black sediment (355 mm thick) to mimic field contact conditions.  The top of the pipe was left open so that the UVOST-EC tool could penetrate the two sediment layers. To measure the depth of the tool as it penetrated the sediments, a string potentiometer was attached to an extendable rod and connected to the UVOST-EC. The probe was then slowly inserted into the sediment. The mock core trials were run three times, with the UVOST-EC being cleaned with DI water prior to each trial to avoid cross-contamination. Both sediment conductivity and fluorescence were recorded during the penetration of the UVOST-EC through the mock in situ core and bulk samples.
2.4 Field Trials
Field trials at Boat Harbour were performed between June 17th (2019) and June 27th (2019) from a purpose-built barge to collect comparative side by side sediment gravity cores and in situ UVOST-EC data. Figure 2 shows a schematic of the barge deployment and UVOST-EC/core sampling. The barge was constructed so that both gravity core samples and UVOST-EC samples could be obtained within 0.6 m from one another. For sampling, the barge was towed by boat to seven different locations or “cluster sites” (S1 – S7) as shown on Figure 3. The barge was then anchored in position with anchoring spikes deployed on two opposing corners of the barge. Releasing one anchor made it possible to pivot the barge on a fixed axis and collect multiple UVOST-EC logs and gravity core samples at a given sampling location. Samples were taken systematically over an approximately 50 m2 area at each location. The location of actual UVOST-EC logs/gravity core samples collected within each cluster is provided as Table S1. 
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Figure 2. Barge deployment of UVOST-EC and gravity core sampling.
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[bookmark: _Toc45288523][bookmark: _Toc48061698]Figure 3: Cluster sample locations in Boat Harbour (number ranges refer to sample identifiers).

During deployment, a purpose built, mechanically driven derrick was utilized for the UVOST-EC probe delivery. The system was designed to operate at a speed of <1 cm/s for high resolution data retrieval within the sediment zone. Depth readings were recorded using a string potentiometer. The probe was lowered down through the water column with 1 m extension rods attached to the probe head. Data collection commenced above the water column, which allowed for a continuous collection of data from both water and sediment mediums. In total, 100 locations were tested with the UVOST-EC. 
Sediment core collection was paired with each of the UVOST-EC locations to provide a comparison of the black sediment to the data provided on the UVOST-EC logs. Sediment cores were collected using a Glew gravity coring device (Glew, 2002). Collection and sealing protocols used by Spooner and Dunnington (2017) were followed. Within 0.6 m of a given UVOST-EC test location, a corresponding gravity core was obtained (i.e. 100 sediment gravity cores were collected). Each sediment gravity core was immediately extruded on the barge to manually determine the thickness of the black sediment layer for comparison to the UVOST-EC derived estimates. Black sediment recovery was 100% for all cores due to the refusal of the core in the underlying grey sediment. Black sediment compression during sampling was considered negligible based on the high water content of the samples (see Alimohammadi et al. 2020) and the type of core sampling device used (messenger device to create vacuum post sediment penetration). Blomqvist (1985) and Cumming et al. (1993) also suggest negligible compression of this type sediment using this type of device. 
A list of all collected data points is provided in Table S1. UVOST-EC and core samples considered for comparison (i.e. within 0.6 m of each other) contain the same unique number (e.g. at cluster S1; gravity core: GC-001 and UVOST: UV-001).  The “cluster sample I.D.” in Table S1 denotes the numerical categorization of a sample within a cluster, starting at 1 (the first sample taken at the given cluster). To provide an indication of the reproducibility associated with both the gravity core and UVOST-EC sampling techniques, duplicate core and UVOST-EC logs were taken at 13 locations across the sampling sites (see Table S2). For example, at cluster S5, GC-052 and GC-053 denoted as Duplicate No. A1 and A2 in Tables S1 and S2, were taken within 0.3 m of each other. Likewise, UV-052 and UV-053 also denoted as Duplicate A1 and A2 were also taken within 0.3 m of each other and within 0.6 m of GC-052 and GC-053. In total, 13 sets of both UVOST-EC and sediment gravity core duplicates were taken (i.e. A to M). 

2.5 Data Analysis
	Independent estimates of the black sediment thickness at a given location were produced using both gravity coring and the UVOST-EC based technique and compared. Comparative analysis included visual comparison of data at each cluster, basic statistical analysis (i.e. mean, deviation from the mean, standard deviation), and examining the similarity of both UVOST-EC and core thickness measurements using paired two-sample t-tests. The use of mean thickness at a given cluster location was used as the basis for comparison between the two methods as the ultimate objective of the larger remediation project will be to estimate sediment volumes over a given study area. 

3 Results and Discussion
3.1 Bench Scale
The averaged observed percentage of fluorescence relative to the reference emitter for the black sediment ranged from 1.0 to 1.2 %RE (mean of 1.1%RE) while that of the grey sediment ranged from 0.8 to 1.0%RE (mean of 1.0%RE). The mean electrical conductivity of the black sediment was 25 mS/m while that of the grey sediment averaged 100 mS/m. Black sediment individual fluorescence contributions from the 350 nm, 400 nm, 450 nm, and 500 nm ultraviolet wavelengths were in the order of 1.6 mV, 4 mV, 5 mV, and 2 mV, respectively. The grey sediment individual fluorescence contributions from the 350 nm, 400 nm, 450 nm, and 500 nm ultraviolet wavelengths were in the order of 1.2 mV, 3.6 mV, 6.0 mV, and 2.8 mV, respectively. Relative peak heights of these wavelength contributions were also calculated by normalizing the peak voltage value of grouped wavelengths to the 350 nm wavelength to provide ratios for comparison between the sediment types. The 350 nm wavelength was selected for this normalization as it exhibited the lowest value of the four wavelengths (i.e. ensured peak ratios greater than 1). When peak voltages of these wavelengths were normalized to the 350 nm wavelength, the following nominal ratios were obtained: 400 nm:350 nm = 2:1 (black) and 3:1 (grey); 450 nm:350 nm = 2.5:1 (black) and 5:1 (grey); and 500 nm:350 nm = 1.25:1 (black) and 2.5:1 (grey). The 350 nm, 400 nm, and 450 nm wavelengths were also noted to have an increased fluorescence decay time (tau) for both the black and grey samples. These initial test results indicated that differences in %RE, conductivity, and waveforms offered potential for sediment differentiation in situ at Boat Harbour.  These trials were conducted in an oxidized environment, and given that oxygen is a known fluorescence quencher (Lakowicz, 2006) it was possible that these results may have been impacted by this signal quenching effect.
[bookmark: _Hlk62986299]The mock in situ trial provided an opportunity to test the technique on a more consistent sample via the delivery technique which would be used in the field. Initial test results for the fluorescence and conductivity of the mock core are presented in Figure 4 which indicates that there are visible differences in the %RE, conductivity, and waveforms between the black and grey sediments in the mock sample. The observed %RE for the black sediment ranged from 1.0 to 1.4 %RE (average of 1.1% RE) compared to the grey sediment with an observed %RE range of 0.8 to 1.1 %RE (average of 0.8% RE). The conductivity of the black sediment averaged 200 mS/m. This value was greater than the value obtained from the previous bulk test samples, likely because of the creation of higher sediment density during the creation of the mock core. The conductivity of the grey sediment was also greater than the previous tests, likely for similar reasons, and averaged 800 mS/m. The fluorescence data for the black sediment indicated fluorescence contributions from the 350 nm, 400 nm, 450 nm, and 500 nm ultraviolet wavelengths in the order of 1.6 mV, 4 mV, 5.6 mV, and 2.8 mV, respectively while that of the grey sediment were in the order of 1.2 mV, 3.2 mV, 5.6 mV, and 2.4 mV, respectively. The nominal wavelength ratios of the sediments were: 400 nm (green):350 nm (blue) = 2.5:1 (black) and 2.5:1 (grey); 450 nm (orange):350 nm (blue) = 3.5:1 (black) and 4.5:1 (grey) and 500 nm (red):350 nm (blue) = 1.8:1 (black) and 2.0:1 (grey).  The 350 nm, 400 nm and 450 nm wavelengths for the black sediment were noted to have an increased fluorescence decay time, yet this was not observed in the grey sediment for the mock core. Based on these visual observations of the data parameters associated with each sediment, the apparent thickness of the black sediment was interpreted to be 0.37 m, which compared well with the actual prepared black sediment thickness of 0.36 m.
In summary, the bench scale laboratory trials on the black and grey sediments exhibited unique %RE, waveforms, and electrical conductivity readings for each sediment. For the purpose of developing an interpretation method to detect differences in sediment types for future field trials, the following parameters are noted for determining when the UVOST-EC probe transitioned from the black sediment into the grey sediment during delivery: 1) A %RE value decrease, 2) an increase in electric conductivity, 3) a decrease in fluorescence decay time, and, 4) an increase in the wavelength ratios of both the 450 nm and 500 nm wavelength relative to the 350 nm wavelength. Although %RE and electrical conductivity were noted to be consistently different, it was observed that wavelength contributions (i.e. wavelength contributions and decay time) provided the most consistent identification of the sediment type. Hence for the field data, wavelengths were treated as the primary identification tools with %RE and electrical conductivity acting as confirmatory identification tools to sediment identification. This data provided the basis for the UVOST-EC identification and delineation methodology (i.e. classification based approach) for interpretation of field data.
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[bookmark: _Toc45288519][bookmark: _Toc48061694]Figure 4. UVOST-EC laboratory trial results for the mock core consisting of both black and grey sediment from Boat Harbour. 
3.2 Field Work
Four of the previously mentioned 100 sampling points for both the UVOST-EC and gravity core are not presented in this study. Results for UV-022 and UV-023 are not presented in the dataset as they were used to examine the effect of adjusting the UVOST-EC’s pulse frequency from 100 Hz in an attempt to improve the waveform resolution. However, 100 Hz (standard frequency used for most projects) proved to provide the best waveform resolution.  Results for UV-044 and UV-045 are not presented in the dataset as black sediment thicknesses exceeded the length of the gravity core (i.e. 72 cm) and hence no accurate estimates of thickness via the gravity core could be made. A typical UVOST-EC log obtained from the field work is provided is provided as Figure S1. Interpretation of the water column, black and grey sediment zones are shown on the log based on the interpretation methods developed from bench scale testing. A photo of the extrusion process used to determine black sediment thickness from gravity cores is provided in Figure S2. 

3.2.1 Variability of Gravity Core and UVOST-EC Sediment Thickness Determinations
To better understand the variability of the UVOST-EC testing method relative to the gravity core sampling method, the results of black sediment thickness estimates obtained from duplicate tests of both gravity core and UVOST-EC techniques are presented in Table S3. For each location where duplicates were taken, the mean black sediment thickness was calculated based on the four samples (i.e. two core samples and two UVOST-EC logs). It was shown that 94% of all measurements were within ±15% of the mean black sediment thickness at the given location; 100% of gravity core measurements and 85% of UVOST-EC measurements were within ±15% of the mean thickness. These results (Figure S3) indicate the “randomness” about the mean thickness, suggesting that both sampling methods are not biased to under-reporting or over-reporting sample thicknesses. The UVOST-EC data may slightly overestimate sample thicknesses relative to core samples but this is likely due to the high resolution of the UVOST-EC and it’s capacity to detect the upper contact between the water and the black sediment which has a very low solids density and is undetectable in the gravity coring method. 
[bookmark: _Toc48061624][bookmark: _Toc45288731]
3.2.2 Comparing Sediment Thicknesses Obtained Via Gravity Core and UVOST-EC at Each Cluster
Sediment thicknesses for cluster S1 are shown on Figure 5. For completeness, the results of all clusters are provided as Figures S4-S10. The mean black sediment thickness is shown in Figure 5 at the cluster based on gravity core measurements (black solid line) and UVOST-EC measurements (grey solid line). The error bars on each measurement represent ± one standard deviation of this mean thickness (i.e. gravity core or UVOST-EC) at the cluster location. 
[bookmark: _Hlk45207169]Variation in sediment thickness at the local scale (< 50 m2) is evident on Figure 5. This finding is consistent across all clusters to varying degrees depending on the localized complexity in subsurface bathymetry and sedimentation regimes. The difference in UVOST-EC measurements from sediment gravity cores at cluster S1 ranged from -2 cm (i.e.  2 cm less than sediment gravity core) to +5 cm (i.e. 5 cm greater than sediment gravity core), with an average difference of +1 cm. Thickness estimates for both gravity core and UVOST-EC measurements 2 to 8 fell within one standard deviation of the mean, while the measured sample thickness for sample 1 was greater than one standard deviation of the mean for both gravity core and UVOST-EC. 

[bookmark: _Toc45288526][bookmark: _Toc48061701]Figure 5. Cluster S1 samples bar graph comparison (error bars are mean +/- 1 standard deviation (n = 8) for both UVOST-EC and core measured thicknesses).

To determine the significance of the measurement variations noted between sampling techniques (sediment gravity core vs UVOST-EC based technique), a t-test was performed (alpha=0.05) comparing mean thicknesses obtained from the UVOST-EC and gravity core results at cluster S1. These results indicated no significant difference between the paired observations of sediment gravity core and UVOST-EC sediment mean thicknesses.  A visual comparison of UVOST-EC and sediment gravity core thickness results also suggests that the estimated thickness of each method is quite similar at a given location. Clusters S2-S7 also showed no significant difference between the mean black sediment thickness measured by gravity core and the UVOST-EC technique. However, some cluster locations exhibited more local variation than others (Figures 6 and 7). The variability in sediment thickness at a given cluster location was detected by both gravity core and UVOST-EC techniques. For example, at Cluster S4, even though the gravity core mean thickness and UVOST-EC mean thickness were not significantly different, both methods detected similar variation in thicknesses over the testing area. Cluster S4 represents a sampling location on the edge of a flooded natural drainage channel where significant changes in slope, sedimentation rates, and bathymetry occur. 


Figure 6. Cluster S4 samples bar graph comparison (error bars are mean +/- 1 standard deviation (n = 15) for both UVOST-EC and core measured thicknesses).



Figure 7. Cluster 6 samples bar graph comparison (error bars are mean +/- 1 standard deviation (n = 18) for both UVOST-EC and core measured thicknesses).

[bookmark: _Toc48061625][bookmark: _Toc45288732]3.2.3 Comparing Paired Sediment Gravity Core Results to UVOST-EC Results Using Linear Regression Analysis
A comparison between gravity core and UVOST-EC measurements for the black sediment thicknesses at all locations within Boat Harbour is shown in Figure 8. Data collected from sediment gravity cores 1-100 and UVOST-EC sample logs 1-100 (excluding 22, 23, 44, and 45) were used. The relationship between UVOST-EC and sediment gravity core thickness measurements has a strong positive correlation (R2 = 0.91). The regression line has a slope close to 1 with a small non-zero intercept. Also shown on the plot as the dotted line is the interval representing a 95% confidence interval. The interval is rather narrow and close to a slope of 1. Shown as the dashed lines are the 95% prediction intervals defined as when 95% of the UVOST-EC values to be predicted for a given thickness (assuming gravity core thickness is 100% accurate) will be within this interval around the regression line. The wider band of this prediction interval reflects the nature of the field work performed and potential sources of errors.  
Errors associated with the UVOST-EC based technique likely result from fluctuations in operational performance (e.g. speed of delivery, surface water roughness, etc.) during data collection and data interpretation/thickness estimation errors (e.g. accuracy of the applied classification technique used to estimate sediment distribution). Similarly, the gravity core technique is subject to operational performance errors associated with core delivery and sediment recovery performance as well as measurement errors associated with manual core extrusion and measurements.  In this paper, the gravity core has been treated as the “true” measurement because it is the industry standard for this type of work.  Of note is the similar degree of variability associated with the duplicate samples collected (Table S3 and Figure S3). This suggests that the relative error between the measurements is comparable and their performance is also comparable. The largest source of error is likely the variability in the sediment distribution in situ as shown in the results of the cluster measurement data and the relatively equal measurement variability across duplicates.  Prior to carrying out this study, it was thought that the sediment thickness would be relatively uniform at a local scale (i.e. a given cluster locations), but this was not always the case. 
The UVOST-EC technique is very sensitive and able to distinguish physio-chemical changes within the black sediment itself, changes which the gravity coring technique is unable to capture. This sensitivity enables the detection of changes in the solids content and material composition throughout both sediment profiles which makes data interpretation and thickness estimates challenging in comparison to the core data thickness determination which can only measure consolidated sediment as observed during extrusion.  The mean thicknesses determined at the cluster locations, however, were not significantly different when comparing both methods. This is important for the application of this technique (i.e. establishing thickness measurements over a given area to establish contaminated sediment volumes for dredging and disposal purposes). Although both methods provide statistically similar mean thickness values, the UVOST-EC technique proved to be very effectively at rapidly determining sediment thicknesses in situ without the requirement for handling contaminated sediments and the costs associated with sample storage and laboratory analysis. Costs related to testing of the samples for dioxins and furans can also be eliminated with this method. In this study, 100 samples at an approximate cost for dioxin and furan analysis would result in $100,000 in analysis costs. Cost-savings from this perspective are therefore significant.  
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[bookmark: _Toc45288533][bookmark: _Toc48061708]Figure 8. Linear regression (solid line) of measured core thicknesses and interpreted UVOST-EC sediment thicknesses for all cluster samples (S1-S7). Dotted lines denote upper and lower 95% confidence interval for regression. Dashed lines denote upper and lower 95% prediction interval for regression.
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4 Summary and Conclusions
The objective of this paper was to evaluate the effectiveness of using an in situ UVOST-EC based approach to determine the thickness of a highly organic, contaminated sediment layer. The original impetus for this work was the hypothesis that differences in provenance and geochemistry of the two sediment layers could be distinguished using ultraviolet florescence and electrical conductivity data produced by the UVOST-EC platform. The laboratory bench scale work identified differences in florescence and conductivity signals associated with the two sediment types. Differences in the signals associated with changes to %RE, waveform, and electrical conductivity provided confidence that the technique would be effective at determining contaminated sediment thicknesses in situ.  
The field study evaluated the proposed laboratory developed identification method. Almost 100 field UVOST-EC and 100 field gravity core measurements taken demonstrated the reliability of the UVOST-EC data collection and interpretation method to delineate the mean black contaminated sediment thickness in various locations of the study area. It was shown that the UVOST-EC based technique performs well in comparison to the gravity core technique, with similar levels of expected error and accuracy. A statistical analysis at each of the cluster sites (S1-S7) indicated that the mean thickness determined from each measurement technique not significantly different. Sediment gravity core thickness measurements and UVOST-EC based measurements were positively correlated (R2 = 0.91).
The developed UVOST-EC based technique provides additional value in site characterization by minimized health and safety risks associated with contaminated sample collection and handling, reduced costs speeding up the characterization process, and provided additional high frequency stratigraphic data related to sediment solids content and chemical composition. It is important to note that it was the variability in the physio-chemical properties between sediment types and the close association of the contaminants of concern with the anthropogenic sediments that makes the UVOST-EC based technique successful in this application. It is therefore important that individual projects assess, on a site-specific basis, the capacity to utilize this technique. Based on the work in this study, a proprietary chemometric modeling approach was developed by SCG Industries Limited to characterize the materials observed for data processing and sediment identification. This technique was implemented in successful subsequent sampling program at the study site where over 500 UVOST-EC probes were performed for sediment delineation and thickness estimates.
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