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Abstract

:

Human urine and its detection are of interest in forensic studies in numerous contexts. Both crystalline urea and 1.0 M solutions of urea, as synthetic analog endmember components of human urine, were investigated as a proof-of-concept study to determine if detailed lab spectroscopy would be viable. Urea was reliably detected on Ottawa sand at concentrations of approximately 3.2% in dried experiments. Urea was detectable after 1 week of solution evaporation under lab conditions, at 9.65 wt.% 1 M solution. This investigation successfully establishes urea as a material of interest for reflective spectroscopy and hyperspectral remote sensing/image spectroscopy on a wide range of spatial scales, from specific centimeter-scale areas in a crime scene to searching large outdoor regions > 1 km2. In addition, this investigation is relevant to improving the monitoring of human trafficking, status and condition of refugee camps, and monitoring sewage.
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1. Introduction


Tracing and interpreting human activity are fundamental goals of forensic investigations in criminal investigations, human rights contexts, and search and rescue efforts. Hyperspectral remote sensing/image spectroscopy (HRS/IS) is an increasingly important potential tool for forensic investigations in these contexts. Through HRS/IS approaches, digital imagery is obtained through satellites, airplanes, or unmanned air vehicles. Each pixel of the acquired image has a reflective spectrum associated with it that is a function of the source materials on the ground. HRS/IS allows for materials to be identified and their spectra to be compiled in order to provide a high-quality library of geomaterials. HRS/IS has been utilized extensively in the context of characterizing a wide range of materials at several scales and in a diverse range of environments, including climate change science, mapping of invasive species, mine waste, petroleum pollution investigations, resource mapping, and radiological material detection [1,2,3,4,5,6,7,8,9,10].



The use of basic unmanned aerial vehicles/systems (UAVs/UASs) equipped with cameras and video in law enforcement and search and rescue is becoming more pronounced [11,12,13,14,15]. HRS/IS is an attractive technology in forensic investigations because it can be utilized in multiple modes to document and even monitor in near real time large crime scenes, disaster sites, and conflict zones [16]. The potential and capability for HRS/IS to be meaningfully integrated into forensic investigations of human materials, clothing, blood, and associated items is significant. Examples of broad forensic contexts include finding evidence of violent crime(s), and locating lost, missing persons, or hostages. Increasingly, HRS/IS is being tested and explored in the context of forensic investigations [17,18,19,20,21,22,23,24,25,26,27,28,29,30,31].



A major limitation for HRS/IS implementation for forensic investigations exists, however, in that detailed, comprehensively characterized libraries optimized specifically for forensic use are uncommon [16]. This is exacerbated for complex outdoor or geologic terranes owing to the range of environmental variability [16]. There is an extreme need to develop comprehensively characterized libraries that address these complexities in the context of forensic applications. However, before extensive time and resources can be attributed for detailed library development, proof-of-concept studies that demonstrate probable feasibility are warranted. One pronounced gap in the body of forensic HRS/IS library work is in the development of liquid combination substrates. One liquid of potential forensic interest is human urine.



Human urine is of interest in forensic studies as it can indicate the presence of a person or persons at a point in time or over some period of time. This can be important, particularly in scenarios where a person is missing, such as lost hikers, dementia patients, or missing children, or in scenarios where persons are held against their will in numerous contexts, including human trafficking or when they are forced to be in locations such as illegal border crossings. Detection of urine in outdoor environments by HRS/IS is expected to be challenging. Whether human urine can be identified routinely in HRS/IS imaging, and whether or not trends of age estimation could be established, are not known. The chemical composition of urine can be very diverse based on diet and age. One component of urine that is functionally ubiquitous is urea. As a proof of concept, and to inform future more detailed investigations of urea, we investigated urea on an ideal geologic substrate that is quartz-rich, Ottawa sand; as a powder as analogs for dried accumulation of urine, and in 1.0 M solutions for urine solutions evaporating.




2. Materials


Ottawa sand was purchased from Fisher Scientific (Sigma Aldrich, USA) as a 3 kg container and was used as shipped. Ottawa sand was selected owing to its presumed mineralogical uniformity and controlled grain size and adopted use in geotechnical studies. Ottawa sand was not sterilized in the lab. Crystalline urea was purchased from Sigma Aldrich and was used unmodified. A 1.0 M solution of urea was prepared for spray experiments. The structure of urea and the structure of quartz are presented in Figure 1 for reference.




3. Methods


3.1. Grain Size Characteristics


A 200 g sample of Ottawa sand was dried in an oven at 60 °C for 24 h. Grain size properties were determined on this sample using 8″ ASTM mechanical brass sieves using mesh sizes from 4000 to 38 μm and a Gilson mechanical shaker unit. Mass for each size fraction was recorded and was then evaluated using the Gradistat v9.1 Excel program [32].




3.2. Polarized Light Microscopy (PLM)


One single side polished thin section of Ottawa sand was prepared by Applied Petrographic Services, Inc. (Greensburg, PA, USA). The thin section was evaluated using a Leica DM2700 P microscope using the mineral identification criteria of Nesse [33]. Images were captured digitally in plane and polarized light.




3.3. Scanning Electron Microscopy and Energy Dispersive Spectroscopy


For SEM-EDS investigation, Ottawa sand material was mounted onto a 10 mm aluminum stub using a carbon sticky tab and was uncoated. A Zeiss 35VP field emission scanning electron microscope (FESEM) was used to collect data under variable pressure (VP) using nitrogen (N2) as the compensating gas. The instrument is equipped with a Bruker Quantax energy dispersive spectrometer. X-ray emission lines used to identify elements observed in the Bruker software include O Kα = 0.525 keV; Al Kα = 1.487 keV; Si Kα = 1.740 keV (nominally Kβ = 1.837 keV); K Kα = 3.312 keV; Fe Kα = 6.399 keV; and Kβ = 7.060 keV. The Al Kα line is attributed in part to scatter from the aluminum stub. The detection limit for EDS is approximately 0.08 wt.%. The instrument and approaches used are the same as several recent mineralogical and environmental studies [34,35,36,37,38,39,40,41,42,43,44,45,46].




3.4. Reflective Spectroscopy


Plastic Petri dishes that were painted with flat black spray paint were utilized for experimental substrates for reflective spectra measurements. Reflective spectra were acquired using a contact probe to produce the most uniform data using an ASD FieldSpec 4 Hi-Res spectroradiometer. The ASD FieldSpec 4 Hi-Res spectroradiometer has a range of 350 to 2500 nm with spectral resolutions of 3 nm at 700 nm, and of 8 nm at 1400 nm and 2100 nm. This instrument is equipped with both a modular silicon array and an InGaAs Peltier-cooled detector platform. The instrument has a post-dispersive system for extremely low stray light which is rated at <0.02% for 350 to 1000 nm and rated at <0.1% for 1000 to 2500 nm. The low noise equivalent delta radiance (NeDL) values are provided as 1.1 × 10−9 W/cm2/sr/nm at 700 nm for UV/VNIR, 2.8 × 10−9 W/cm2/sr/nm at 1400 nm for NIR, and 5.6 × 10−8 W/cm2/sr/nm at 2100 nm. Assignments were informed by known chemical bonds of materials and the mineral identification of Ottawa sand based on SEM and PLM. The ASD FieldSpec 4 Hi-Res spectroradiometer and the approaches described below have been used in numerous similar previous investigations [6,16,41,47,48,49,50,51].




3.5. Bond Assignments


The spectroscopy literature and the USGS spectral library were used to determine bond assignments for spectra [51,52,53,54,55,56,57,58]. For Ottawa sand, adoption features are assigned as follows: the ~470 nm minor inflection is attributed to Fe3+ crystal field band [54]. The broader ~660 nm inflection is attributed to Fe3+ electron transitions [55,57,58]. The ~1420 nm absorption feature is attributed to water v1 + v3 and OH [52,57,58]. The ~1930 nm feature is attributed to OH structure and deformation and water [52,57,58]. The ~2230 nm feature is attributed to OH [53]. The ~2300 nm feature is attributed to Al-OH [57,58].



For crystalline urea, experimental reflective data with clear bond assignments are sparse owing to the difference in wavelengths commonly studied. NIST provides a spectrum of urea without bond assignments. Bond assignments for some major features of urea are found to be ~1160 nm (C=O, fourth overtone); ~1460 nm (symmetric N-H stretch, first overtone); ~1520 nm (N-H stretch, first overtone); ~1990 nm (N-H stretch and N-H bend combination), ~2030 nm (C=O stretch, second overtone); ~2070 nm (N-H deformation and overtone) [59]. Other sources indicate that the ~2180 nm feature is assigned to N-H bend, C=O stretch, C-N stretch, and the ~2300 nm feature is assigned to N-H stretch and C=O stretch [52]. It is noted that there are numerous additional features in our experimental data and the data of others, however specific bond assignments generally are not provided for these features in the reflective ranges (350 to 2500 nm), but in wavenumbers [59,60,61].




3.6. Experimental


Spectra for the initial characterization of Ottawa sand were obtained by placing ~20 g of the sand in the painted Petri dishes to reasonably fill the dishes uniformly. Three replicate spots on each sample were analyzed using the contact probe of the spectroradiometer, and five spectra from each spot were recorded. The spectra were collected at one-second intervals, and the five spectra were averaged for each spectrum measurement using the RS3 software. Afterward, we applied incrementally increasing amounts of 1.0 M liquid urea solution to fifteen samples using a spray bottle to determine the threshold of detectability of liquid urea through its spectral signature. Spectra for each sample with the added urea solution were collected in the same manner as that of the Ottawa dry sand. To assess the degree to which time affects the spectra of the urea solution, the samples were covered with tinfoil for three days and then spectra were collected once again. The same procedure was repeated after five days, one week, and one month. Weights were recorded for each measurement set (see Supplementary Materials, Table S1). Spectra to determine the threshold of detectability of powdered urea were collected with ~1.6 g of powdered urea divided in incrementally increasing amounts among five samples of Ottawa sand, with the first sample containing 0.0 g (a sample blank) of powdered urea (see Supplementary Materials, Table S1). Spectra for each sample with the added powdered urea were collected in the same manner as previous procedures. All spectral data are provided in Supplementary Materials, Table S2.





4. Results


4.1. Ottawa Sand


Substrate characteristics are shown in Figure 2 and Figure 3 with spectral features shown in Figure 4. The Ottawa sand is primarily composed of very well-rounded quartz grains with trace amounts of K, Fe, and Fe-oxide inclusions. Inclusions are primarily fluid inclusions, Fe-oxide minerals, and likely minor K-feldspar or mica based on minor K in EDS data. The sand is very well sorted, and the average diameter of sand grains is between 500 and 800 µm (See Supplementary Materials Table S3 for grain size data). Grains are well-rounded and smooth but show minor pitting on surfaces, as shown in the SEM images (Figure 3). The sand has a comparatively uniform reflective spectra among multiple sand samples analyzed and has a high reflective topology in the NIR and SWIR regions, with a pronounced ramp in the visible region and lower wavelength NIR region. Its more pronounced adsorption features are beyond 1300 nm. See Section 3.5 for bond assignments.




4.2. Urea Experiments


Endmember urea characteristics of the reflective spectrum are shown in Figure 4. See Section 3.5 for bond assignments. With an initial high reflective value, the more pronounced adsorption features occur beyond 800 nm. The reflective spectra of varying amounts of urea powder on sand are shown in Figure 5. At 3.2 wt.% urea, features start to become evident in the spectra and this is ascribed as the detection limit for powdered or dry urea on Ottawa sand. These features are beyond 1350 nm; however, at increasing concentrations of 4.91 wt.% urea and 5.67 wt.% urea, more features are evident or prominent. Many urea features are observable at 5.67%.



The reflective spectra of varying amounts of 1.0 M urea solution on sand after selected periods of time are shown in Figure 6. After 1 week of evaporation under lab conditions, urea features start to become evident in the spectra of the 9.65 wt.% 1.0 M solution. These features are beyond 1350 nm. In the following samples with 13.71 wt.% solution and 16.70 wt.% solution, the features of the urea spectrum become more pronounced and evident. After 1 month of the solution drying, urea features remain evident in the spectra of amounts of 9.65 wt.% solution and higher, and more features become evident.





5. Discussion


5.1. Selection of Materials


The Ottawa sand is an ideal substrate for such proof-of-concept investigations because it has a comparatively uniform mineralogy that is dominated by quartz with grains that are well rounded. The Ottawa sand has a narrow and well-defined grain size distribution. These traits promote uniform light scattering by preventing mineral separations in samples that may arise from density differences or grain size variation. Notably, however, Ottawa sands are not characterized in detail in many investigations owing to the recognized or presumed uniformity. Our supporting analytical work, including SEM and light microscopy work on the Ottawa sand used, combined with the repeated reflective spectra data, serves as important data for better interpreting combination experiments not only in this study but also serve as important comparisons for other environmental and forensically important substrates, such as other sands, building materials, and soils.



Numerous components exist in urine; however, urea was selected as an analog material as it is a common and abundant component, and the distinct N-H spectral features enable reasonable promise for detection. Urea is functionally non-hazardous, whereas ammonia would emit noxious vapors, and it is expected that there would be more progressive mass loss and variability owing to vaporization of NH3. The direct use of human urine for a proof-of-concept study would be too variable given the wide range of chemical compositions. Furthermore, human subject, biohazard safety issues, and extensive urine characterization would need to be addressed and are cost prohibitive for the current proof-of-concept investigation. Synthetic urine solutions were considered; however, these appeared to have a strong synthetic dye in the options available and were also considered hazardous materials and were deemed not appropriate for this proof-of-concept study. Ingredients observed in the available options would lead to ambiguous interpretation of spectroscopy results.




5.2. Comments Regarding the Ottawa Sand


Features observed in the spectra of Ottawa sand are consistent with petrography and scanning electron microscopy data. Small inclusions of iron oxides are evident in SEM, and there are numerous similar opaque inclusions observable throughout the quartz grains in PLM, which are interpreted to produce the inflections at ~470 nm and ~660 nm. The features at ~1420 nm, ~1930 nm, and 2230 nm that are attributed to water and OH are interpreted to arise from the many evident fluid inclusions and likely altered felsic composition glass inclusions observed in PLM in quartz grains. The ~2300 nm features attributed to Al-OH are also interpreted to arise from glass inclusions. Noted also is the potential for some minor contribution of the inflections at ~470 nm and ~660 nm to be from Fe3+ content in the glass inclusions. Variation in the spectra of Ottawa sand may be attributed to minor differences in the abundance of Fe-oxides, altered glass, and fluid inclusions. The grain size of the Ottawa sand used is comparatively uniform and likely has a negligible effect on minor variations.




5.3. Comments Regarding the Urea Experiments


The reflective spectra of urea is distinct. Although not all features in the urea spectra can be assigned to specific bonds, there are several features that have assigned bonds. The topology of the spectra of urea obtained for this study is largely consistent with that of NIST [62]. There are several small features that may be useful for HRS/IS, and the shape of the doublet/triplet feature observed between 1420 nm and 1520 nm is a very distinctive major feature of the spectra. Issues may arise in outdoor HRS/IS investigations in this region owing to atmospheric absorption or interference ranges of ~1300 nm to 1500 nm and 1800 nm to 1950 nm, particularly at high humidity levels and at pronounced sensor to target distances. However, the features observed for urea at ~1160 nm, ~1990 nm, ~2030 nm, ~2070 nm, ~2180 nm, and ~2300 nm likely would be potentially exploitable for urea detection in outdoor settings.



Notably, there appeared to be no detectable modification or change in the form of urea over time in either the powdered experiments or the solution experiments. The sand was not sterilized in the lab and there was also no organic matter content. By simple observation, there was no odor, there was no ammonia that evolved, no visible color change in solution or substrate, nor was there any incongruent crystal form or coating as solutions aged or evaporated. These results are interpreted to reflect minimal microbial influence; however, the role microbial interactions would play in the detection and evolution of urea should also be further explored.




5.4. Implications for Supporting HRS/IS Approaches for Locating Persons


HRS/IS is increasingly of interest in forensic investigations [17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,63]. Also, HRS/IS has been considered and used broadly in search and rescue and finding persons [16,64,65,66]. Key to improving these applications is improving spectral libraries. This investigation successfully characterized urea and establishes urea as a material of interest for reflective spectroscopy and HRS/IS forensic investigations on a wide range of spatial scales, from specific areas in a crime scene on the order of centimeter scale to large outdoor regions > 1 km2 that can be investigated by UAVs or other platforms.



As urea has a distinct reflective spectrum, it potentially serves as an analog for evaluating urine in HRS/IS images. In sufficient concentrations observed in the spectra here (e.g., >3.2 Wt.%), urea may be detected using HRS/IS images. Detection of urea in outdoor settings may be of use in numerous scenarios and environments involving forensics. This may include simple scenarios, such as looking for lost or missing hikers along park trails and adjacent environments. Other settings may include trails or areas that are actively or passively used for human trafficking, where resting spots may be used repeatedly, accumulating urine over time. The data on urea may be useful for more accurately interpreting HRS/IS images of other human trafficking sites, such as shipping containers, basements, rooms, or buildings. Specifically, there may be potential to identify hostage locations given the context of repeated waste expulsion, or specific marker items associated with human waste. Additional settings of potential use are monitoring the status of waste in refugee camps or mass human migrations.



The intersection of geoscience, emergency management, and defense science continues to expand through HRS/IS approaches. The evolving intersection with hyperspectral remote sensing, geoscience, emergency management, and defense science has created potential for applications, including finding missing persons or potentially hostages in remote locations [16]. Data on urea from this investigation may enhance such applications.



Results of this investigation have implications broader than those of forensic investigations alone. Results of this study may provide useful data for HRS/IS investigations of accidental release of urea or waste that is rich in urea. For example, the application or overapplication of urea fertilizer or chemicals is a well-recognized environmental problem [67,68,69]. Data from this investigation also may be useful for monitoring sewage release or system failure. HRS/IS investigations of sewage are recognized as an area of evolving interest [70]. Thus, the results of this investigation may have broad implications for environmental forensic investigations and environmental monitoring.




5.5. Future Directions


The results of this study provide a clear trajectory for future efforts, which would progressively involve investigations of more complex analogs. More complex analogs should be investigated first, including proteins, glucose, and several relevant pharmaceuticals. Doing so would enable more meaningful interpretations of future work involving human urine. Additionally, a wider range of substrates should be investigated, and a well-characterized suite of soil and geologic materials is available for study [16]. Investigation of environmental variables such as substrate water content, temperature, and general microbial activity is warranted. Ideally, a suite of natural human urine samples that are representative (e.g., sex, age, weight, race, common medical conditions, e.g., type 2 diabetes) of the population should then be investigated. Open questions exist regarding the impact and potential detection of pharmaceutical metabolites in urine as well and should be explored. Chronological relationships, mass relationships, and environmental relationships should be explored. Although uncertainties exist, there is promise for reflective spectroscopy and HRS/IS investigations of human urine in numerous contexts that may enable search and rescue of persons, accountability of crimes at multiple scales, and environmental monitoring.





6. Conclusions


Reflective spectroscopic results on endmember sand and urea of this investigation establish new and important detailed context for future spectroscopic and HRS/IS studies of urea and human urine in the context of forensic investigations. Initial constraints for detection of urea in solid form (3.2 wt.%) and in solution (9.65 wt.% 1 M solution, after 1 week under lab conditions) are established. These results are significant in that they prove that urea can be detected on a uniform geologic substrate. Results of this investigation also provide a foundation and basis for more detailed studies using a variety of human urine compositions, ages, and quantities on a variety of geologic (soil, sand, rock) substrates. Detailed reflective spectroscopy and HRS/IS studies involving human urine may provide new forensic tools at a variety of scales for crime scene investigations.
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Figure 1. Images showing the structure of the materials of interest. Urea is a carbonyl group with two C-bound amine groups (left). The crystal structure of quartz projected along the c-axis is shown (right). 
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Figure 2. The top row shows PPL images of the Ottawa sand (A,C), and the bottom row shows XPL images (B,D). Note that every grain is quartz, and there are numerous inclusions of fluid and likely Fe-oxide minerals as shown in (E,F). 
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Figure 3. SEM images showing Ottawa sand quartz grain morphology with EDS spectra. (A) An example of a well-rounded quartz grain with oxygen and silicon lines in the commensurate EDS spectrum. (B) An example of well-rounded quartz grain showing an iron-oxide inclusion near the grain surface, with oxygen, silicon, minor K and iron lines in the commensurate EDS spectrum. K originates from inclusions below the grain surface, within the volume of inter-action of the beam but not expressed at the surface. 
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Figure 4. Reflective spectra of the materials used in this study, urea (left) and Ottawa sand (right). 
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Figure 5. Reflective spectra of urea and sand combinations. Note that features of urea start to become evident in the sample with 3.2% urea. 
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Figure 6. Reflective spectra of 1.0 M urea solution and sand combinations. Weight percent of 1.0 M solution is displayed on the right side of the graphs. Note that features of urea start to become evident in the third sample on each graph. 
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