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ABSTRACT 15 
 16 
As natural scale-models for community environmental odor issues, these odorant 17 
prioritization results illustrate an important consideration: … ‘with respect to focusing an 18 
environmental odor issue, it is possible to look too closely at the source’… Although 19 
simple odor dilution, as measured by odor concentration and intensity, certainly occurs 20 
during downwind dispersive migration from the source, these authors propose that the 21 
term dynamic dilution is limiting with respect to environmental odor impact.  The results 22 
presented herein suggest that the odor character from an environmental source can vary 23 
dramatically, depending upon the distance of the human receptors from that source. It is 24 
further suggested that the process of downwind environmental odorant prioritization can 25 
best be characterized as a rolling unmasking effect or RUE.  The RUE is exhibited by 26 
the masking odors nearest the source sequentially ‘falling away’ with distance from the 27 
source, revealing a succession of increasingly simplified odor characteristic and 28 
composition.  Because of scaling factors and meteorological unpredictability, the logistics 29 
involved in carrying-out odorant prioritization studies can be very challenging when 30 
targeting large-scale odor sources.  However, for these authors’ illustrative purposes, 31 
these challenges were reduced significantly by selecting natural, ‘scale-model’ odor-32 
sources which represented significant reductions in the primary scaling factors; 33 
especially, reductions in the size of the odor sources and the distance of their downwind 34 
reach. Driven by odorant prioritization and the RUE, extremes of odor simplification-35 
upon-dilution were demonstrated for two Central Texas plant varieties, prairie verbena 36 
and virginia pepperweed. Their ‘odor frontal boundaries’ were shown to be dominated by 37 
single, character-defining odorants; prairie verbena presenting with a p-cresol dominated 38 
‘barnyard’ odor and virginia pepperweed with a benzyl mercaptan dominated ‘burnt 39 
match’ odor.  Similar odor simplification was also shown for the South American 40 
prehensile-tailed porcupine (i.e. pt porcupine); its downwind ‘odor frontal boundary’ 41 
dominated by two potent, character-defining odorants (i.e. as yet unidentified): (1) 42 
‘onion’ / ‘body odor’ odorant #1 and (2) ‘onion’ / ‘grilled’ odorant #2.  In contrast to 43 
their outer-boundary simplicities, each of these sources also presented, at the source, with 44 
odor compositions reflecting considerable complexity and corrresponding composite odor 45 
characters that were distinctly different from those reflected at their respective ‘odor 46 
frontal boundaries’.    47 
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 50 
INTRODUCTION 51 
 52 
Although relatively intuitive and demonstrable, odorant prioritization does not appear to 53 
be widely recognized or referenced within the environmental odor field.  With respect to 54 
contemporary environmental odor issues, it is still common to see an odor issue 55 
presented, roughly correlated to an extensive inventory listing of volatile chemicals 56 
which are shown to be emitting from a ‘suspect’ odor source. For example, one study, 57 
focused directly on odor emissions from sewage treatment facilities (Zarra, T. et.al., 58 
2008), identified the following as typical, qualitative VOC / odorant emissions from one 59 
such facility: 39 VOCs distributed between: (a) 3 organic sulfides; (b) ketones; (c) 60 
aliphatic aldehydes; (d) aromatic aldehydes; (e) aromatic hydrocarbons; (e) terpenes; (f) 61 
alcohols; (g) 3 volatile fatty acids; (h) hydrocarbons; (i) chlorinated hydrocarbons and (j) 62 
aliphatic siloxanes. This obviously represents an extensive and complex emission ‘soup’; 63 
potentially encompassing hundreds or thousands of individual VOCs and many chemical 64 
functionalities.  Unfortunately, it often proves to be the case that these listings include a 65 
preponderance of volatile compounds and classes of compounds which have little, if any, 66 
downwind odor impact beyond the source fence-line.  It is also often the case that these 67 
extensive inventory VOC listings fail to actually include the specific VOC odorant, or 68 
odorants, which are primarily responsible for the targeted at-distance odor.  In one 69 
notable example from an odorant prioritization study to the rendering industry (Caraway 70 
et al; 2007), two odorants, trimethylamine and dimethylsulfide were identified as the 71 
impact-priority odorants downwind of a fish meal processing plant; a rendering facility 72 
specializing in the processing of fish and fish by-products. This finding stands in marked 73 
contrast to an earlier study (Luo et al, 1997), reporting ~300 organic compounds, 40 of 74 
which were odorous and stating that ‘odorous compounds included alkanes, alkenes, 75 
ketones, hydrocarbons, alcohols, alkyl halides, fatty acids, amines, aromatics, aldehydes 76 
and epoxides’. It should be pointed out that this 300 compound listing did include 77 
trimethylamine and dimethylsulfide but those were not prioritized within this 300 78 
compound inventory listing. 79 
 80 
Strategies for mitigation of community environmental odor issues, can be improved by 81 
utilizing troubleshooting techniques originally developed for the food, beverage and 82 
consumer products industries.  The experience of these authors in 25+ years of crisis-83 
driven odor research and troubleshooting has shown that there is an odorant impact-84 
priority ranking which is definable for virtually every odor source; whether of natural or 85 
man-made origin.  The initial challenge is prioritization of environmental odor ‘character’ 86 
(defined as a descriptor of what it smells like), from the perspective of the impacted 87 
citizenry downwind.   88 
 89 
Environmental odor issues are perfect examples of complicated problems that are 90 
confounded by many analytical, technological and socioeconomic factors.  While 91 
considerable engineering know-how and technologies exist for mitigation of industrial 92 
odor, these technologies are often not adapted or adaptable for rural and agricultural odor 93 
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(Maurer et al., 2016). The process of environmental odor dispersion has historically been 94 
described as ‘downwind dilution’ and monitored by standard techniques based upon 95 
dynamic dilution olfactometry (Parker et al. 2005; Jacobson et al., 2008; Akdeniz et al., 96 
2012a). Major odor sample recovery problems have been identified (Koziel et al., 2005; 97 
Zhu et al., 2015). There is also wide recognition of an outstanding challenge to link 98 
specific, relatively easy to quantify compounds to resulting odor (Akdeniz et al., 2012b; 99 
Zhang et al., 2015). The use of the odor activity value (OAV) concept has been used with 100 
some degree of success to show that compound-specific odor detection thresholds (DTs) 101 
can be useful to explain why some compounds are more impactful odorants than others 102 
(Parker et al., 2012; Rice et al., 2015a, 2015b, 2015c).  The use of simultaneous chemical 103 
and sensory analyses has also gained acceptance as a mature technology for isolating, 104 
ranking and prioritizing odor-causing compounds in a complex mixture of gases (Bulliner 105 
et al., 2006; Laor et al., 2008; Lo et al., 2008; Zhang et al., 2010).  106 
 107 
Although simple odor dilution, as measured by odor concentration and intensity, certainly 108 
occurs during downwind dispersive migration from the source, this term is limiting with 109 
respect to environmental odor impact (Wright et al. 2006). Past experience has shown 110 
that the odor character from an environmental source can depend upon the downwind 111 
distance of the human receptors from that source; potentially radically different at 112 
locations nearest the source when compared to locations farther removed (Wright et al., 113 
2005; Wright et al., 2006; Koziel et al., 2006).  114 
 115 
In recent years, it has been proposed that the process of environmental odorant 116 
prioritization can better be described as a RUE (Figure 1).  The RUE is exhibited by the 117 
priority masking odors nearest the source sequentially ‘falling away’ with distance from 118 
the source, revealing a succession of increasingly simplified odor characteristic and 119 
composition.  This ends at the far downwind odor frontal boundary with an odor 120 
character, dominated by the impact-priority odorant (or odorants) from the complexly 121 
combined source emission.  These are the odorant(s) reflecting the greatest downwind 122 
sensory reach relative to the source.  For example, this has been shown for p-cresol, as a 123 
‘signature’ downwind odor from animal feeding operations; recognizable at great 124 
distance from the source (Wright et al., 2005), in one case remaining the single, most 125 
offensive characteristic compound as far as 16 km away from the source (Koziel et al. 126 
2006).   127 

 128 
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 129 
Fig. 1 Generic pictorial representation of ‘rolling unmasking effect’ (RUE). The odor frontal 130 

boundary represents the farthest downwind reach relative to the odor source while the internal 131 
bands represent the points of sequential odor unmasking as the secondary-impact odorants are 132 

diluted below their detection / masking concentration levels   133 
 134 
Without conscious effort, the majority of the human population can make the association 135 
between characteristic environmental odors and specific chemicals primarily responsible 136 
for those odors.  A mother’s recognition of ammonia, without analytical confirmation, as 137 
the specific chemical odorant responsible for the ‘ammonia’ odor near an incubating pile 138 
of urine-soaked diapers is a simple manifestation of that innate ability.   139 
 140 
The primary factor separating the general population from those who spend their careers 141 
deconstructing the chemical composition of diverse odors is the number and obscurity of 142 
such associations, which can be made in advance of analytical confirmation.  Considering 143 
the thousands of odorous chemicals from which to select, the correct ‘prediction’ of a 144 
single, specific odorant responsible for a newly encountered, environmental odor 145 
represents strong evidence in support of that proposed odorant prioritization.  146 
 147 
A number of natural examples of the RUE have been encountered and described by these 148 
authors over the past two decades.  These have included, among others:  149 

(1) the large colony of Mexican free-tailed bats (i.e. Tadarida brasiliensis) at 150 
Bracken Cave near San Antonio, Texas (Wright et al., 2006; Nielsen et al., 2006) 151 
and  152 

(2) a large cattle feed-lot located near Amarillo, Texas (Wright et al., 2005).   153 
 154 
With respect to the ancient Mexican free-tailed bat colony at Bracken Cave (Nielsen et. 155 
al., 2006); three distinct odor boundaries were definable relative to the cave source:  156 
 157 
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(1) an overpowering ‘ammonia’ odor within the cave and for ~15 meters downwind 158 
of cave openings;  159 

(2)  emergence of a composite ‘rat’s nest’ odor which was dominated by 4-methyl 160 
quinazoline (i.e. tentative identification) upon decline of the at-source masking of 161 
ammonia, and 162 

(3) emergence of the characteristic ‘bat cave’, ‘taco shell’ odor, dominated by 2-163 
amino acetophenone, upon approach to the outer ‘odor frontal boundary’ ~300 164 
meters; enabled by the associated downwind decline of odor masking by 4-methyl 165 
quinazoline.    166 

 167 
Similarly, with respect to the contrasting feedlot source near Amarillo, Texas, (Wright et 168 
al., 2005) at least two distinct odor boundaries were definable relative to the source:  169 

(1) dominated by trimethylamine; a strong ‘fishy’, ‘amine’ odor within the feed-lot 170 
proper and for several hundred meters downwind, and  171 

(2) the emergence of a composite ‘barnyard’ odor, dominated by p-cresol, upon 172 
approach to the outer ‘odor frontal boundary’; enabled by the associated decline 173 
of downwind odor masking by trimethylamine.   174 

 175 
In this new research, we aim at summarizing three new examples of RUE and discuss 176 
them more systematically.  These new RUE examples involve both animal and plant-177 
related odor. This current work focuses on three contrasting RUE examples from this 178 
combined field:  179 

(1) prairie verbena (Verbenaceae Glandularia bipinnatifida),  180 
(2) the South American prehensile-tailed porcupine (Coendou prehensilis),  181 
(3) virginia pepperweed (Brassicaceae Lepidium virginicum).   182 

   The ultimate significance of this approach is the illustration of naturally-occurring 183 
phenomena that can explain why some environmental odors and their sources are difficult 184 
to identify and mitigate. 185 

METHODS and MATERIALS 186 
 187 
Multidimensional Gas Chromatography--Mass Spectrometry-Olfactometry 188 
MDGC-MS-Olfactometry is an integrated approach combining olfactometry and 189 
multidimensional GC separation techniques with conventional GCMS instrumentation. A 190 
commercial, integrated MultiDimensional-Gas Chromatography-Mass Spectrometry-191 
Olfactometry (i.e. MDGC-MS-O) system was used for the odorant prioritization work as 192 
presented herein.  The integrated system consisted of an Agilent 6890 Gas 193 
Chromatograph / 5975B Mass Spectrometer modified for MDGC-MS-O utilizing an 194 
AromaTrax control system from Volatile Analysis Corporation of Round Rock, Texas.  195 
Details regarding general hardware and AromaTrax™ operation have been described in 196 
detail in past publications (Wright et al., 1986; Lo et al.,, 2006) and are not restated here.  197 
Specific operational parameters utilized by the first author for the 3 targeted natural odor 198 
sources is summarized as follows: injection mode: split-less with Solid Phase Micro 199 
Extraction (SPME) sample collection and delivery; injection temperature: 250 °C; 200 
detector #1: Flame Ionization Detector (FID); detector #1 temperature: 280 °C; detector 201 
#2: Agilent 5975B MSD in MS-SCAN or MS-SIM  acquisition mode; column # 1: 12 m 202 
x .53 mm ID BPX 5 - 1.0 µm film (pre-column from SGE); column # 2: 25 m x 0.53 mm 203 
ID BPX 20 - 1.0 µm film (analytical column from SGE); column temperature program 204 
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(overview survey and MDGC-MS-O):  40 °C initial, 3 min hold, 7 °C/min., 220 °C final, 205 
20 min hold. 206 
 207 
MDGC parameters: 208 
With regard to MDGC heart-cut isolation / clean-up of the 2 target ‘onion’ odorants for 209 
the pt porcupine; (1) optimal band for heart-cut #1 (i.e. unknown ‘onion’ odorant #1) 210 
was approximately  9.9 to 11.2 min; (2) optimal band for cryotrap #1 was approximately  211 
9.4 to 11.5 min; (3) optimal band for heart-cut #2 (i.e. unknown ‘onion’ odorant #2) 212 
was approximately  14.4 to 15.8 min; (4) optimal band for cryotrap #2 was approximately  213 
13.9 to 16.1 min; (5) long SPME collection of the whole urine headspace yielded 214 
overwhelming odor responses but NO obvious associated mass spectral ion detail for the 215 
critical ‘onion’ odorants.  In contrast to the MDGC based heart-cut, isolation protocol, as 216 
applied to the ‘onion’ odorants for the urine, both the prairie verbena and virginia 217 
pepperweed headspace VOC / odor profiles were processed in overview survey mode; 218 
with total heart-cuts taken between 0.25 min to 32.0 min  219 
 220 
Sampling:  221 
Male pt porcupine urine (i.e. passive ‘dirty collect’ – with entrained fecal matter):  The 222 
VOCs, odorous and otherwise, were collected from the equilibrated headspace formed 223 
within a 1 quart glass headspace vessel containing a few drops of the urine sample, 224 
injected onto a crumpled low-odor paper towel substrate.  The sample was equilibrated, 225 
stored and sampled in an open-air laboratory environment which was maintained @ 24 226 
degC.  Direct comparison samples were collected utilizing a single, designated, 1 cm / 75 227 
um Carboxen modified polydimethyl siloxane SPME fiber from Supelco.  Headspace 228 
volatiles were collected by way of SPME fiber insertion through a pinhole placed in the 229 
vessel’s PTFE disc closure. Volatiles loadings on the SPME fiber were varied by altering 230 
the length of time the fiber was exposed to the equilibrated headspace formed within the 231 
vessel.  232 
 233 
Environmental air sample collections from pt porcupine exhibit: SPME fiber direct 234 
exposure:  A series of direct environmental air samples were collected and analyzed in 235 
conjunction with this current effort, utilizing a direct SPME fiber exposure approach.  236 
The SPME fibers which were prepared for this segment of the project were: (1) 237 
preconditioned @260 degC by the first author; (2) transported, under dry-ice storage 238 
conditions, to the Moody Gardens Rainforest site on Feb 14, 2017 for execution of VOC 239 
collection by direct SPME fiber exposure within the pt porcupine indoor exhibit and (3) 240 
return transported by the first author, under dry-ice conditions back to Volatile Analysis 241 
Corporation laboratory; Round Rock, Texas; for execution of the odorant prioritization 242 
segment of the investigation.   Preconditioned SPME samplers were secured onto a field-243 
support fixture within the exhibit enclosure; the adsorbent coated fiber tips extended from 244 
their protective needle sheaths (i.e. exposed to the enclosure environment to effect VOC 245 
collection through surface adsorption).  Volatiles loadings on the SPME fibers were 246 
varied by altering the length of time the SPME fibers were exposed to the air 247 
environments.  Fiber exposures reflecting brief sampling intervals were executed for 7 248 
and 9 minutes, respectively.   Duplicate SPME fiber exposure intervals reflecting long 249 
exposure intervals were exposed for 15 hours.  The 4 direct fiber collections were return 250 
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transported, under dry-ice conditions, back to the laboratory for odorant prioritization 251 
assessment. At the time of sample collection, the odor, upon distance separation from the 252 
enclosure, was characterized, by the first author, as distinct ‘grilled onion’; identical in 253 
character to that recalled for the two, MDGC-O isolated (but, as yet, unidentified) ‘grilled 254 
onion’ odorants from actual onion based odor profile studies. 255 
 256 
Prairie Verbena: The qualitative odor profile assessment of the mature prairie verbena 257 
blossoms were processed in much the same manner as described above for the pt 258 
porcupine urine.  The preconditioned 1 L glass headspace vessels were charged with 259 
freshly harvested blossoms; collected at peak maturity; from a dense natural cluster; 260 
located in the geographical vicinity of Georgetown, Texas on May 10, 2010.  At the time 261 
of harvesting and analysis, the odor of the dense natural clusters, at the odor frontal 262 
boundary, was characterized, by the first author, as distinct ‘barnyard’; identical in 263 
character to that recalled for the pure odorant, p-cresol.     264 
 265 
Virginia Pepperweed: The qualitative odor profile assessment of the mature virginia 266 
pepperweed plant was processed in much the same manner as described above for the pt 267 
porcupine urine and prairie verbena blossoms.  In this case, however, the preconditioned 268 
1 L glass headspace vessels were charged with freshly harvested whole plants (i.e. stems 269 
+ blossoms) reflecting either ‘pristine’ or ‘crushed’ conditions.  This was necessary when 270 
it was determined that mechanical stressing of the plant was necessary before the 271 
characteristic ‘burnt match’ odor was released.  The plants were harvested, for analysis, 272 
at peak maturity; from typically sparse / random distribution within lawn / field 273 
environments; from locations in the geographical vicinity of Georgetown, Texas in June 274 
of 2016.  At the time of harvesting and analysis, the odor of the macerated whole plants, 275 
at the frontal boundary, was characterized, by the first author, as distinct ‘burnt match’; 276 
identical in character to that recalled for the pure odorant, benzyl mercaptan. 277 
 278 
Mass Spectrometry:  279 
First Author: The Agilent 5975B mass spectrometer was operated in MS-SCAN mode 280 
for survey mode odorant identification.  Under control of the Agilent Chemstation 281 
software, the mass range 35 amu to 400 amu was scanned at a rate of 3.84 scan / sec.  282 
The resulting spectra were imported into the Benchtop PBM library search protocol; 283 
referencing the Wiley 7 spectral library for best-match ranking of the unknown spectra 284 
against the Wiley 7 database.  The first author retained final over-ride determination as to 285 
the likelihood of correctness of the best-match listings from the search routine.  Spectra, 286 
adjudged by the first author, as not resulting in a good library match were listed as 287 
unknowns; unless overridden by other considerations (e.g. known retention time elution 288 
in combination with simultaneous odor character recognition at the olfactory detector).  289 
The proposed character-defining odorant identities for both the prairie verbena and 290 
virginia pepperweed (i.e. p-cresol and benzyl mercaptan, respectively) were confirmed 291 
through on-instrument retention time + odor character matching.  Unfortunately, best 292 
efforts on the part of the first author failed to reveal the chemical identities of the two 293 
character-defining ‘grilled-onion’ odorants from the pt porcupine.  In a further attempt to 294 
identify these unknowns, the first author engaged the collaborative services of two 295 
independent, highly experienced, research mass spectrometry experts in the food flavor / 296 
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aroma field; Dr Thomas G. Hartman of Rutgers University and Anna Iwasinska of 297 
Volatile Analysis in Round Rock, Texas.  Their approaches and results are summarized 298 
as follows: 299 
 300 
Collaborative Investigator #2: (Thomas G. Hartman, Rutgers University). Beginning 301 
with about 2 ml of pt porcupine urine provided, it was saturated with NaCl; extracted into 302 
5 ml of diethyl ether; centrifuged; lifted off the ether extract and then evaporated 1/2 of 303 
the ether extract into the purge & trap apparatus (in duplicate).  The sample extract was 304 
then purged with nitrogen 30 minutes at 100C onto Tenax TA traps.  The Tenax TA traps 305 
were thermally desorbed into the GC-MS at 250C/5 min.  The GC was cryogenically 306 
temperature programmed from minus 20C (5 min) during desorption, followed by 307 
10C/min. to 280C.  Column was a single 60m x 0.32 mm id x 1.0 um film ZB5MS.  The 308 
mass spectrometer, a Thermo-Finnigan Mat TSQ-7000, was set to scan the mass range 309 
35-350 amu once per second.  The data files were converted to HP Chemstation format 310 
using MassTransit software and burned onto a CD so they could be processed on the first 311 
author’s Chemstation / Benchtop PBM system.  The original data format was Thermo 312 
Xcaliber.   A background plot was plotted (i.e. mass chromatogram 35_350-40-44) to 313 
background subtract argon and CO2 to clean up the chromatograms when viewing.  The 314 
urine and ether extracts were sniffed before and after pre-concentration and confirmed to 315 
retain a strong odor in the extract delivered to the purge and trap  apparatus.   The Solid 316 
Sample Purge & Trap Collection System and Model TD-4 Short Path Thermal Desorber 317 
(i.e. both from Scientific Instrument Services; SIS, Ringoes, NJ) was the integrated 318 
system utilized for volatiles pre-concentration.  Short Path Thermal Desorption (i.e. 319 
SPTD, a technology for which Dr. Hartman holds the utility patent) utilized Tenax TA 320 
packed traps to pre-concentrate the extracted VOCs.  The samples were run in duplicate; 321 
extending one of the runs to get a few high boilers so there were 3 pre-concentrated runs 322 
total.  The spectral data was picked through, scan by scan, but unfortunately, no sulfur 323 
compounds stood out; for either Dr. Hartman or for the first author in the subsequent data 324 
cross-check effort.  Although these efforts failed to identify the two targeted ‘grilled 325 
onion’ odorants, they did serve as cross-check identity confirmation for key semi-volatile 326 
odorants of secondary ‘barnyard’ character-impact (e.g. p-cresol, 4-ethyl phenol, indole, 327 
skatole). 328 
 329 
Collaborative Investigator #3: (Anna Iwasinska; Volatile Analysis Corporation). An 330 
Agilent 5975B based AromaTraxTM system (i.e. generally applied as described above for 331 
first author) was operated in MS-SCAN mode for targeted odorant identification / 332 
confirmation.  Significant deviations from the parameters listed for the first author were: 333 
Column # 1: 30 meter x 0.53mm ID BPX 5 – 0.5µm film (pre-column, from SGE); 334 
Column # 2: 30 meter x 0.53mm ID SolgelWAX – 0.1µm film (analytical column, from 335 
SGE).  The chromatographic data were acquired using Agilent MSD ChemStation Data 336 
Acquisition software (E.02.01.1177).  The MSD scan mass range was: 35amu to 400amu 337 
at a rate of 3.84 scan / sec.  The analysis of resulting chromatograms was performed 338 
using ChemStation Data Analysis software (F.01.03.2357) referencing the Wiley9-N08, 339 
NIST11 and FFNSC13 Mass Spectral libraries.  The compound identities were reported 340 
based on best-match ranking of the experimental spectra against these databases. 341 
 342 
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The samples of pt porcupine urine and virginia pepperweed (same batch of materials that 343 
was used by first author) were analyzed by this investigator in order to further explore 344 
identification of some leading odor notes.  The headspace volatiles collection was 345 
conducted in a manner described above for the first author.  The spectral data was 346 
reviewed in detail but, despite best efforts, failed to identify the two targeted ‘onion’ 347 
odorants from pt porcupine urine headspace.   However, separate spectral interpretive 348 
efforts were also applied, by this investigator, to the prairie verbena data developed by 349 
the first author; serving as independent cross-check of the proposed VOC / odorant 350 
identity profile. This effort included, most notably, (1) the tentative identification of 351 
hyacinthin for the ‘floral’ note @18.0 min RT; (2)  a ‘possible’ identification of  __oxime 352 
for the isomer family carrying the ‘ether’ note @6.0 min RT and (3) independent cross-353 
check confirmation of benzyl mercaptan as the character-defining ‘burnt-match’ odorant 354 
in virginia pepperweed. 355 
 356 
Collaborator #4: (Paula Kolvig; Moody Gardens Rainforest Exhibit). At the request 357 
of the first author, the Moody Gardens Rainforest Exhibit staff carried out a passive, 358 
external urine collection from Bono, the 10 year old male half of the Moody Gardens 359 
breeder pair.  The urine sample collection was carried out on April 12, 2017 utilizing a 360 
passive / ‘dirty’ collect procedure which allowed for some mixing of fecal solids with the 361 
liquid urine sample.  As explained to the Rainforest Exhibit staff, this procedure enabled 362 
the first-author to execute a qualitative odor profile assessment of the combined waste 363 
from the male prehensile-tailed porcupine; although the urine was projected as the major 364 
reservoir for the targeted ‘onion’ odor.  365 
 366 
RESULTS and DISCUSSION  367 
 368 
The odorant prioritization process is the same regardless of whether the environmental 369 
odor source is a 50,000 head feedlot with a 16 km downwind reach, a colony of 2+ 370 
million Mexican Free-tails bats with several hundred meters downwind reach or a dense 371 
cluster of fragrant flowers with a downwind reach of only 50 meters. In each case the 372 
total VOC emission profile, monitored at the source, is often extremely complex.   373 
 374 
With respect to natural sources, this complexity is often reflected in hundreds of discrete 375 
VOCs, dozens of which are likely odorous and, therefore, carry the potential for odor-376 
impact significance at-distance from the source.  It is the natural dilution process, in 377 
dispersive migration outward, which drives the simplification of the at-source or near-378 
source odor complexity.  In the outward progression from the source to the ‘odor frontal 379 
boundary,’ simplification of the priority odorant subset is a dynamic process; often 380 
reflected in a number of changes in odor character and corresponding odorant priority 381 
rankings in spanning the boundary extremes.   382 
 383 
Simplification can be reflected in both the composition of the priority odorant subset as 384 
well as the total number of odorants which are essential for inclusion in that subset. As a 385 
result of scaling factors, the logistics involved in carrying-out an odorant prioritization 386 
study can be very challenging when targeting large odor sources. This is especially true 387 
with respect to large industrial or CAFO sources which can carry downwind odor reach 388 
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of several kilometers.  However, for illustrative study, these challenges can be 389 
significantly reduced by selecting natural odor-source ‘scale-models’ which represent 390 
significant reductions in the primary scaling factors; especially, reductions in the size of 391 
the odor sources and the distance of their downwind reach.   392 
 393 
It is for this reason that the authors have selected three, relative small-scale natural 394 
environmental odor sources to illustrate downwind odor dispersion effects, as well as 395 
procedural aspects of the MDGC-MS-Olfactometry based odorant prioritization process.  396 
In this study, the downwind odor impact of the model, environmental odor sources are 397 
used to draw important contrasts and parallels to a typical large-scale, industrial or CAFO 398 
odor source.  399 
 400 
Case Study #1: Prairie Verbena 401 
 402 
With regard to odorant prioritization by MDGC-MS-Olfactometry, the relative absence 403 
of expected odorants from a targeted odor source can be as telling as the identities of 404 
those odorants which are shown to be present.  Case Study #1 serves as an excellent 405 
illustration of this concept. It focuses on one unique species from the very large Verbena 406 
family of flowering perennials.  There are reportedly as many as 250 different varieties of 407 
this ancient plant and these are widely distributed throughout the world.  As is the case 408 
within most plant families reflecting such diversity, there is considerable variation in the 409 
physical characteristics represented among its members.  This variation includes 410 
differences in physical size, shape, flower structure, appearance, flower color and, most 411 
importantly for current illustration purposes, odor characteristics.   412 
 413 
The wonderful aroma characteristics of verbena flowers have been extolled by writers 414 
throughout modern history…. According to William Faulkner, in his short story ‘An 415 
Odor of Verbena’ “vervain (verbena) is the only scent that can be smelled above the 416 
scent of horses and courage.”  One species of verbena, the lemon verbena, has acquired 417 
something of a cultural icon status for its use in perfumery as a result of references in 418 
Margaret Mitchell’s ‘Gone With the Wind’ and the ‘Little House on the Prairie’ book 419 
series by Laura Ingalls Wilder.  420 
 421 
The reality, however, is that there is a wide range of odor characteristics reflected among 422 
the individual species and varieties of this extensive family. This range spans the 423 
extremes between virtually odorless (i.e., especially among many of the commercial 424 
hybrids) to pleasantly fragrant such as in the lemon-scented verbenas to remarkably 425 
unpleasant such as in the case of the regional species discussed herein.  Adding to this, 426 
the odor character for a particular species can change significantly, depending upon the 427 
seasonal stage of the flowering cycle.   428 
 429 
The focus of this case study is the prairie verbena (i.e., Verbenaceae, Glandularia 430 
bipinnatifida); specifically, the regionally isolated species of verbena which is native to 431 
the boundary region between adjacent Blackland Prairie and Edwards Plateau ecological 432 
regions near Georgetown, Texas.  At the peak of its mid-spring flowering cycle (i.e. 433 
before peak decline), this particular plant presents with a familiar and surprising odor 434 
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character which has been described by the first author, and others, as ‘barnyard’ or ‘hog-435 
truck’.  The mid-spring odor emission from these plants can be surprisingly intense and, 436 
as a result, large natural clusters can present with a surprisingly distant downwind reach.   437 
 438 
Focusing upon this characteristic, the premise which guided the execution of this study 439 
can be summarized as follows: ‘as a result of the remarkable similarity in downwind 440 
odor characteristics, there is assumed to be some commonality between the minimum 441 
priority odorant subsets for the prairie verbena and the more typical, ‘agrarian’, sources 442 
of ‘barnyard’ odors’.  Therefore, the driving ‘questions’ which become the basis for the 443 
study, reported below, are the following:  444 
 445 

(1) Are there character-impact odorants which are common to both prairie verbena 446 
and swine CAFO sources which account for the striking similarity in composite 447 
odor at their respective odor frontal boundaries?  448 

(2) What is the level of overall agreement between the two contrasting sources when 449 
comparing their minimum priority odorant subsets?  450 

(3) What is the level of overall agreement between the two when comparing their full 451 
background odorant profiles?  452 

(4) What is the level of overall agreement between the two when comparing general 453 
headspace volatiles profiles (i.e., odorous and otherwise)?   454 

 455 
Through analytical testing of the guiding premise, the authors demonstrate the odorant 456 
prioritization process through a ‘cradle-to-grave’ odor profile assessment of the regional 457 
prairie verbena; comparing and contrasting the odorant composition results to those 458 
previously developed relative to a true ‘barnyard’ odor source, a large commercial swine 459 
barn.  460 
 461 
Composite Odor Assessment:  All MDGC-MS-O based odorant prioritization studies 462 
began with the performance of a composite odor assessment.  The first author was the 463 
individual tasked with making the initial critical correlations between the characteristic 464 
downwind odor of the source and the impact-priority odorants which are primarily 465 
responsible for that odor.  With this in mind, the introduction of the first author to the 466 
prairie verbena as a ‘model’ environmental odor source is believed to be illustrative.  The 467 
first conscious introduction to the dense natural clusters of prairie verbena was a chance 468 
encounter in an overgrown field adjacent to a local hiking route (i.e. Figure #2).   469 
 470 
 471 
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 472 
Figure #2; Google Earth Georgetown, Texas Image; prairie verbena ‘barnyard’ odor encounter; 473 
Showing: (1) approximate wind direction; (2) approximate ‘barnyard’ odor frontal boundary; (3) 474 
approximate ‘floral’ secondary (near-source) boundary; (4) this investigator’s approximate location 475 
upon initial encounter in Georgetown, Texas in May, 2010 and (5) approximate location of odor 476 
source cluster of native prairie verbena.  477 
 478 
Upon entering the verbena’s odor frontal boundary the first author was immediately 479 
struck by its surprising intensity and, more importantly, its very familiar ‘barnyard’ odor 480 
character.  This was an odor with which the first author had become very familiar as a 481 
result of past studies targeting several species of mammals as environmental odor sources 482 
(Parker et. al., 2005; Wright et. al., 2005; Wright et. al., 2005). The degree of similarity 483 
between the encountered odor and that of other common ‘barnyard’ odor sources was so 484 
close, in fact, that its connection to the flowering verbena clusters was not immediately 485 
apparent.  Rather, initial attempts were made to connect it to a more obvious, agrarian 486 
source; a nearby barnyard fixture such as a livestock trailer, corral or the like.  It wasn’t 487 
until after eliminating these, more obvious, sources that a closer inspection of the prairie 488 
verbena colonies was made and their connection, as source, to the ‘barnyard’ odor was 489 
confirmed.   490 
 491 
One more consideration from the initial composite odor assessment would prove to be 492 
significant relative to this encounter.  This was the  prediction, by the first author, in 493 
advance of analytical confirmation, that p-cresol would emerge as the character-defining 494 
odorant which is primarily responsible for the surprising ‘barnyard’ odor character of the 495 
prairie verbena clusters.  This prediction is significant; considering, to ultimately be 496 
proven correct, requires the first author to have recognized and correctly identified a 497 
single odorous chemical from hundreds, or perhaps thousands, of other possible odorous 498 
chemicals and to have done so before any analytical work has been initiated.  This ‘blind’ 499 
recognition is the definition of character-defining impact; a single, characteristic odorant 500 
rising above the complex background ‘noise’ emitting from the source. 501 

1

2 

3 4

5 
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 502 
Odorant Prioritization: The ultimate goal of the odorant prioritization process is the 503 
correlation of an environmental odor of interest with the individual chemical odorants 504 
most responsible for that odor. With completion of the initial characterization of the 505 
prairie verbena composite odor as ‘barnyard’, the odor assessment enters the analytical 506 
phase with focus switching to the plant’s complex VOC emission.  A sense of the 507 
complexity of the plant’s volatiles emissions are reflected in the overview VOC and 508 
odorant profiles as shown in Figures 3 and 4 below. Figure 3 is the total ion 509 
chromatogram (i.e., ms- SCAN TIC) reflecting the total VOC survey profile which was 510 
acquired in ms-SCAN acquisition mode; scanning the mass range between 35 and 400 511 
amu.  The sensory complexity is reflected in the corresponding Figure 4 aromagram 512 
which was generated in parallel; with the first author acting in the capacity of human 513 
‘sensor’.   514 
 515 

 516 
Figure #3 Overview of the Central Texas prairie verbena headspace volatiles; TIC overview 517 
VOC profile, generated in ms-SCAN acquisition mode.  Volatiles collection by 70 min 518 
SPME fiber exposure. 519 
 520 
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Figure #4 Overview odor profile of the Central Texas prairie verbena headspace volatiles; 522 
aromagram odor profile, generated by GC-Olfactometry.  Volatiles collection by 70 min 523 
SPME fiber exposure. 524 
 525 
With respect to compositional complexity, it is believed noteworthy that the total ms-526 
SCAN TIC volatiles profile in Figure 3 approaches 100 discrete components; in spite of 527 
the fact that the initial analytical parameters were selected to favor relatively gross 528 
composition.  Complexity of the prairie verbena headspace is also reflected in the range 529 
of chemical functionalities represented; including terpenes, hydrocarbons (saturated and 530 
unsaturated), ketones (aliphatic and aromatic), alcohols (aliphatic and aromatic), esters 531 
(aliphatic and aromatic) and phenolics.  As a result of the gross composition format, the 532 
smallest of the peaks in this survey profile represent approximate concentrations in the 533 
high ppt to low ppb range.  Likewise, with respect to sensory complexity, it is believed 534 
noteworthy that the total odor profile in Figure 4 approaches 50 discrete odor ‘notes’; in 535 
spite of the initial conditions favoring  relatively gross composition.  536 
                537 
In considering available strategies for odor assessment and monitoring, the two extremes 538 
are bounded by sensory-only and instrument-only approaches.  The challenge for those 539 
taking an instrumental approach is immediately evident from the complexity of the ms-540 
SCAN TIC chromatogram in Figure 3.  Given that the ~100 discrete peaks in this trace 541 
actually represent relatively gross headspace composition for the prairie verbena, this 542 
‘modest’ number is certain to increase several fold if pre-concentration efforts are 543 
required to reduce the detection limits from the low ppb to low ppt and below. Without 544 
direct sensory correlation, the analyst taking the instrument-only approach is faced with 545 
the daunting task of identifying, within this enormous field, all possible odorants 546 
representing potential high-impact and inferring which ultimately could constitute a 547 
character-impact subset.  Not surprisingly, this effort will typically end in disappointment 548 
since the highest-impact odorants are typically at trace concentration levels; often 549 
‘buried’ deep within an overwhelming background matrix.   550 
 551 
If the instrument-only approach is flawed by a dearth of sensory correlation data, at the 552 
opposite extreme, the sensory-only approach is hobbled by the lack of critical 553 
compositional data.  As stated above regarding the ms-SCAN TIC chromatogram, the 554 
~50 discrete odor ‘notes’ shown in the corresponding Figure 4 aromagram were 555 
developed under sampling parameters targeting relatively gross composition.  It is fully 556 
expected that this number will increase dramatically as volatiles pre-concentration efforts 557 
are applied to reduce the limits of electronic detection from low ppb to ppt and below. 558 
Such trace-level concentrations have been shown to be ‘odor-significant’ for many 559 
members of the family of odorous VOCs.   560 
 561 
Interestingly, among the arguments used for necessitating a sensory-only approach to 562 
environmental odor assessment and monitoring is the complexity such as shown in the 563 
Figure 4 aromagram.  It is often argued that the human olfactory response is inherently 564 
complex and, as a result, the composite odor from such complex mixtures is inevitably 565 
the ‘combined effect’ of many, if not most, of the odorous VOCs making up the complex 566 
emission field.  Thus, with respect to the prairie verbena, it might be argued that the 567 
characteristic ‘barnyard’ odor, perceived downwind of the source colony, is the combined 568 
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response to the ~50 odorants which are profiled in the Figure 4 aromagram.  However, 569 
the MDGC-GC-Olfactometry based odorant prioritization results below indicate that this 570 
is not the case at all. The data suggests that the characteristic ‘barnyard’ odor, downwind 571 
of this particular source, is remarkably simple; traceable to a single odorant from the 572 
100+ VOC total source emission field.     573 
 574 
After completion of the overview VOC and odorant survey profiles shown in Figures 3 575 
and 4, a series of odorant prioritization runs were carried out under SPME sampling 576 
conditions; emulating a serial dilution process.  The dilution process was emulated 577 
through a 7-step sequential reduction in the duration of the SPME fiber exposure interval 578 
to the equilibrated headspace formed above the prairie verbena flower clusters (i.e., 70 579 
min ‘undiluted’ reference, 15 min, 5 min, 102 sec, 33 sec, 11 sec and 3 sec).  Three of the 580 
VOC / aroma profiles from the incremental 3-fold ‘dilution’ series are shown in Figures 581 
5 and 6 below; reflecting, in turn, the 15 min versus 102 sec and 102 sec versus 11 sec 582 
‘dilution’ steps; displayed in mirror-image format.     583 
 584 

 585 
Figure #5  Serial dilution comparisons of the Central Texas prairie verbena headspace 586 
volatiles; TIC VOC profiles, generated in ms-SCAN acquisition mode.  Contrasting volatiles 587 
collections of 15 min and 102 sec SPME fiber exposure. TIC chromatograms displayed in 588 
mirror-image format.  589 
 590 
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 591 
Figure #6  Serial dilution comparisons of the Central Texas prairie verbena headspace volatiles; 592 
TIC VOC profiles, generated in ms-SCAN acquisition mode.  Contrasting volatiles collections of 593 
102 sec and 11 sec SPME fiber exposure. TIC chromatograms displayed in mirror-image format.  594 
 595 

 596 

 597 
Figure #7  Serial dilution comparisons of the Central Texas prairie verbena headspace 598 
odorants; aromagram odor profiles, generated by GC-Olfactometry.  Contrasting odorant 599 
collections of 15 min and 11 sec SPME fiber exposure. Aromagrams displayed in mirror-600 
image format.;  601 
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These profiles are representative of the simplification-on-dilution effect.  Subset 603 
simplification is reflected in an approximate 10-fold reduction in total VOCs and 604 
corresponding 4-fold reduction in odorant responses in spanning the 15 min to 11 sec 605 
exposure-interval extremes.  A six component, priority odorant subset was extracted from 606 
this series and is presented as a first-pass-approximation in the bolded entries in the 607 
Table 1 listing below.   608 
 609 
The approximate odorant priority subset for the prairie verbena can be summarized as: 610 
(1) p-cresol (character-defining ‘barnyard’ or ‘hog-truck’ at the odor frontal 611 
boundary); (2)  –oxime isomers (i.e. possible identification) @ 6.0 min with their ‘ether’ 612 
or ‘ketone’ odor character; (3) trans-calamanene @24.2 with its ‘spicy’ ‘baked bean’ 613 
odor character; (4) alpha-pinene with its ‘pine oil’ odor character; (5) hycinthin @ 18.0 614 
min RT with its ‘floral’ odor character and (6) 1-octene-3-one with its ‘earthy’ or 615 
‘mushroom’ odor character.  This six component priority odorant subset represents a 616 
considerable simplification when compared to the 50 component total odorant field 617 
reflected in the 70 min profile (i.e., undiluted reference).  If the goal of the study had 618 
been to prioritize the odorants responsible for the at-source or near-source composite 619 
odor of the prairie verbena colonies, these 6 odorants would carry the potential for odor 620 
character-impact significance.  However, since the current interest is specifically focused 621 
on the ‘barnyard’ odor character at the odor frontal boundary, this six odorant subset is 622 
still considerably more complex than is necessary.   623 
 624 
The initial odorant prioritization results suggest that the  ‘barnyard’ composite odor at-625 
distance relative to the prairie verbena clusters is carried, almost exclusively, by the 626 
single, character-defining odorant, p-cresol.  Key supporting evidence for this conclusion 627 
includes the fact that: (1) the ‘barnyard’ odor character, as perceived at the olfactory 628 
detector for the isolated p-cresol peak, was virtually identical to the composite ‘barnyard’ 629 
odor character as perceived by the first author at the odor frontal boundary, downwind 630 
relative to the prairie verbena clusters; (2) the p-cresol ‘barnyard’ odorant was the last 631 
detectable odorant response under the maximum dilution, 3 sec SPME fiber exposure 632 
interval and (3) the p-cresol ‘barnyard’ response was the last detectable odorant response, 633 
in spite of the extremely brief exposure period; a condition known, under SPME 634 
sampling, to bias against compounds of such limited volatility.  Taken together, this 635 
evidence constitutes a strong ‘eureka moment’ with respect to the odorant prioritization 636 
process.  If this investigation had been tied to an actual environmental odor management 637 
issue, this evidence would be sufficiently conclusive to justify proceeding with 638 
subsequent validation and instrument-based monitoring protocol development.  These 639 
follow-up efforts would focus on p-cresol as the target ‘marker’ odorant for odor 640 
monitoring and remediation efficacy assessment purposes.  However, since this exercise 641 
is for the purpose of procedural illustration, it is instructive to look at the interpretive 642 
process with respect to the balance of the of the six component priority subset.   643 
 644 
Secondary priority impact was assigned to an odorant, eluting @ 6.0 min, which carries a 645 
distinct ‘ether’ or ‘ketone’ odor. Initial mass spectral fragmentation pattern data suggests 646 
that this unknown could be a series of –oxime isomers but this prospect remains 647 
speculative, at this juncture.  Key supporting evidence for the secondary priority ranking 648 
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includes: (1) a relatively strong response at the 11 second SPME fiber exposure 649 
condition; presenting with a lower odor intensity in comparison to the strong ‘barnyard’ 650 
response for p-cresol but a considerably higher odor intensity than the balance of the 651 
priority subset field and (2) the fact that this odorant continued to present with a 652 
relatively high-intensity response in spite of relatively lengthy SPME fiber exposure 653 
intervals; a condition potentially biasing against compounds carrying higher volatilities.   654 
 655 
Third priority-impact status was tentatively assigned to trans-calamanene for the ‘spicy’, 656 
‘sweet’ or ‘baked bean’ aroma note @ 24.2 min RT. Key supporting evidence for this 657 
tertiary priority ranking includes: (1) trans-calamanene presents with a relatively strong 658 
response at the 102 sec SPME fiber exposure interval; a considerably lower odor 659 
intensity in comparison to the strong ‘barnyard’ response for p-cresol and ‘ether’ 660 
response for the unknown odorant @ 6.0 min RT but a considerably higher intensity in 661 
comparison to the remaining 3 components of the priority odorant subset and (2) the fact 662 
that the trans-calamanene ‘spicy’ or ‘sweet’ odorant was among the last remaining 663 
priority odorant responses upon dilution, in spite of the relatively short 102 sec exposure 664 
period; a condition known to bias against compounds reflecting such limited volatility.   665 
 666 
Table 1. Comparative Impact-Priority Odorants; Prairie Verbena vs Swine Barn 667 

Verbena Odorants* 
(priority odorants bolded) 

Priority Odorants* 
Common 

Swine Barn Odorants* 
(priority odorants bolded) 

  
odor character = ‘barnyard’ ‘barnyard’ odor odor character = ‘barnyard’ 
  
p-cresol p-cresol p-cresol 
  
-oxime unk ‘ether’ @ 6.0 min  butyric acid 
trans-calamanene (tentative ID)  isovaleric acid 
alpha-pinene ‘pine’ 2-amino acetophenone 
hycinthin ‘floral’ @ 18.0 min  4-ethyl phenol 
1-octene-3-one ‘earthy’ 4-methyl quinazoline 
 skatole 
 indole 
  

Terpenes  Sulfides 
beta-thujene dimethyltrisulfide 
camphene  methyl mercaptan 
beta-myrcene  dimethyl sulfide 
delta-3-carene  propyl mercaptan 
I-phellandrene  dimethyl disulfide 
alpha-terpinene  hydrogen sulfide 
d-limonene  
o-cymene isomer  Fatty Acids 
gamma-terpinene  valeric acid 
delta-2-carene??  hexanoic acid 
Trans-ocimene  propanoic acid 
alpha-copaene  acetic acid 
  heptanoic acid 
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alpha-farnesene   
gamma-murrolene  Amines 
sabinene  trimethylamine 
beta-cymene  diethylamine 
  1-pyrroline 
   

Aromatics  Aromatics 
guaiacol guaiacol guaiacol 
benzaldehyde benzaldehyde benzaldehyde 
benzyl isobutanoate 4-ethyl phenol 
benzyl-2-methyl butyrate  phenol 
benzyl-3-methyl butyrate  4-methyl-2-nitrophenol 
benzyl alcohol  para-vinyl phenol 
  benzoic acid 
  phenyl acetic acid 
  2-amino butophenone 
   
   

 Ketones  Ketones 
acetone  2-octanone 
2-butanone  6-methyl-5-heptene-2-one 
 2-undecanone 

  pentadecanone 
  diacetyl 
 1-octene-3-one 1-octene-3-one 

Esters   
cis-carvyl acetate  Aldehydes 
3-hexenyl-2-methyl butanoate  hexanal 
methyl salicylate  nonanal 
  methional 
  undecanal 
   

Alcohols  Alcohols 
benzyl alcohol  1-octene-3-ol 
  3-octanol 
  1-heptene-3-ol 
  trans-farnesol 
  maltol 
  geosmin 
   

Miscellaneous  Miscellaneous 
2-methyl furan 2-methyl furan 2-methyl furan 
1,3-pentadiene  2-pentyl furan 
2-methyl-1,3-pentadiene  dimethyl pyrazine 
4,8-dimethyl-1,3,7-nonatriene  acetamide 
1-methoxy-1,3,5-cycloheptatriene  4-methyl pyridine 
tridecane  propanamide 
  6-heptyltetrahydro-2H-pyran-2-

one 
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  butanamide 
  3-methyl-phenyl acetate 
  phenyl ethyl alcohol 
  pentamide 
  2-pyrrolidinone 
  hexadecane 
  valerolactam 
  5-methyl-2,4-

imidazolidinedione 
Notes:  * - many chemical identifications, beyond the impact-priority compounds, should be considered as 668 
tentative; they are the product of best-match efforts from Wiley and NIST mass spectral libraries matching.  669 
Many listed character-defining and character-impact odorants have been confirmed through on-instrument 670 
retention time and odor character matching.   671 
 672 
The ranking order of the balance of the priority subset becomes much less definitive, 673 
beyond the first three priority ranking positions, and is therefore treated as a combined 674 
third tier grouping.  This being said, the incentive for inclusion of the balance of the field 675 
includes: (1) alpha-pinene @ 9.6 min RT with its ‘pine oil’ odor character and hycanthin, 676 
a ‘floral’ note @ 18.0 min RT, both presenting with relatively strong responses at the 102 677 
sec fiber exposure interval and (2) 1-octene-3-one with its ‘earthy’ or ‘mushroom’ odor 678 
@ 12.8 min RT presenting with a relatively strong response between 102 sec and 5 min 679 
fiber exposure intervals.  680 
 681 
In summarizing the implications of the above results; it appears that ~44 of the initial ~50 682 
odorant field likely constitute little more than background noise with respect to the at-683 
source or near-source odor character of the prairie verbena clusters.  Likewise, with 684 
respect to environmental odor impact, it appears likely that five of the initial six odorant 685 
priority subset contribute little more than background noise to the at-distance odor 686 
character of the source clusters.  Finally, starting from a relatively complex VOC 687 
emission field at the source, it appears that the single, character-defining odorant, p-688 
cresol, carries primary responsibility for the ‘barnyard’ odor character for the prairie 689 
verbena clusters, at-distance from the source.  This result takes on added significance 690 
given the first author’s prediction, before compositional analysis, that p-cresol would 691 
emerge as the character-defining odorant relative to the prairie verbena source; a clear 692 
example of prioritized odor impact simplicity arising from background complexity.   693 
 694 
Contrasting downwind odorant prioritizations; the Central Texas prairie verbena 695 
versus a North Texas swine-barn: The character-defining status of p-cresol relative to 696 
the frontal boundary odor-character of the prairie verbena clusters forms an interesting 697 
contrast to some of the more conventional, ‘agrarian’ sources of ‘barnyard’ odors.  This is 698 
clearly reflected in the Table 1 parallel odorant prioritization listings for the prairie 699 
verbena clusters versus a representative North Texas commercial swine barn.  Clearly, 700 
both of these profiles are very complex; as many as several hundred discrete VOCs, 701 
odorous and otherwise, have been previously identified as volatiles emissions from swine 702 
CAFOs (Schiffman, et.al., 2001).  Interestingly, from the standpoint of at-distance odor 703 
impact, it is clearly evident in comparing the two listings that these two sources have 704 
little in common with respect to VOC emission profiles; in spite of sharing a virtually 705 
identical, at-distance odor character. Most importantly, they share no common priority 706 
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odorants beyond p-cresol, the single, highest impact and character-defining component 707 
for both. Likewise, as has been previously stated, the relative absence of expected 708 
odorants from a targeted odor source can be as telling as the identities of those odorants 709 
which are confirmed to be present. In that respect, it is believed noteworthy that the 710 
prairie verbena profiles are virtually free of significant odor contribution from reduced 711 
sulfurs, free-fatty acids, saturated amines, indolics or phenolics (i.e., beyond p-cresol); all 712 
of which factor heavily in CAFO emission profiles.  The absence of odor contribution 713 
from these odorous volatiles serves to magnify the impact significance of p-cresol and its 714 
singular correlation to the characteristic at-distance ‘barnyard’ odor; whether prairie 715 
verbena or swine barn sourced.  716 
 717 
Case Study #2: Prehensile-tailed Porcupine 718 
 719 
Composite Odor Assessment: The odorant prioritization experience, as outlined above 720 
for the fragrant prairie verbena clusters, was repeated, very closely, upon the first 721 
author’s first encounter with the South American pt porcupine (i.e., Coendou 722 
prehensilis).  This is a particularly odorous animal and an excellent natural model for the 723 
‘rolling unmasking effect’.  Within the zoo population, the odor of the pt porcupine is 724 
often described as particularly ‘foul’.  However, the first author’s initial encounter with 725 
the odor plume from an outdoor pt porcupine enclosure did not mesh, completely, with 726 
this negative description. The first encounter, in December, 2015, was an unplanned 727 
event while visiting the Moody Gardens Rainforest Exhibit in Galveston, Texas.  The 728 
focus of this encounter and the odorant prioritization results which follow was the male 729 
half of the facility’s pt porcupine breeder pair.  The odor first encountered at the 730 
downwind odor frontal boundary relative to the outdoor exhibit (i.e. Figure #8); reflected 731 
a very distinct and familiar ‘grilled onion’ character.  732 
 733 

 734 
Figure #8; Google Earth Moody Gardens Rainforest Pyramid; pt porcupine encounter showing: (1) 735 
approximate wind direction; (2) approximate odor frontal boundary; (3) approximate secondary 736 
(near-source) boundary; (4) this investigator’s approximate location upon initial encounter in 737 

1 
2
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4 
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December, 2015 and (5) approximate location of outdoor enclosure odor source for Bono, the male pt 738 
porcupine; 739 
 740 
This was so much the case that upon first encounter with the odor frontal boundary, the 741 
first author actually began looking upwind of that location, trying to determine where the 742 
food court must be located; certain that that must be the source.  The odor was 743 
surprisingly strong and reminiscent of ‘grilled onion’ or, as described by the first author 744 
at the time, ‘50s hamburger joint’.  However, upon walking a bit deeper into the odor 745 
plume, there was encountered, almost simultaneously, an intense foul odor and an 746 
associated permanent exhibit display sign which read; ‘What is that Foul Odor?’.  The 747 
sign heading was followed by a descriptive paragraph bringing attention to the pt 748 
porcupine exhibit as the surprising odor source.  In contrast to the relatively pleasant 749 
aroma of grilling hamburgers at the odor frontal boundary, the odor encountered deeper 750 
into the plume core was perceived as ‘phenolic’, ‘industrial’ and ‘foul’.  The dramatic 751 
difference in odor character between these two discrete boundaries was particularly 752 
surprising considering that only a few paces separated the pleasant ‘grilled onion’ 753 
character at the odor frontal boundary and the ‘foul’ odor character deeper into the plume 754 
core.   The first author was immediately drawn to this encounter due to: (1) the fact that, 755 
as with the prairie verbena cluster encounter, he was fairly certain that he recognized, 756 
before analytical workup, the specific odorant / odorant family which subsequent odorant 757 
prioritization analysis would prove to be responsible for the odor, at the frontal boundary 758 
and (2) the pt porcupine source appeared to represent an almost perfect scale model / 759 
demonstration of the RUE which had been proposed in recent years to describe 760 
qualitative environmental odor dispersion dynamics.  761 
 762 
Odorant Prioritization: Follow-up MDGC-MS-Olfactometry based odorant 763 
prioritization efforts, associated with the second encounter in December, 2016 confirmed 764 
the pre-analysis prediction that the impact-priority odorant would be found to be 765 
traceable, partially or exclusively, to a specific homolog from the extensive ‘onion’ odor 766 
carrier allylic-polysulfide family (Bleiler, et.al. 2014).   The predicted ‘50s hamburger 767 
joint’ odor note had previously been chromatographically isolated and described (i.e. 768 
chromatographic retention time and ‘sniff port’ detector basis only) in prior onion 769 
sourced odorant prioritization studies.   Upon close inspection relative to prehensile 770 
porcupine urine headspace it appears that the ‘grilled onion’ odor note elutes a few 771 
seconds prior to dipropyl trisulfide and earlier still than the propyl – propenyl trisulfide 772 
isomer series.  Odorant prioritization by MDGC-MS-Olfactometry also quickly 773 
confirmed that, accompanying the predicted ‘50s hamburger joint’ odor note (i.e. 774 
unknown ‘grilled onion’ @20.8 min RT), was a second, earlier eluting ‘onion’ note (i.e. 775 
unknown ‘body odor onion’ @13.9 min RT) with a similar odor character.  Remarkably, 776 
beyond these two character-defining odor notes, the extremely complex headspace odor 777 
profile appeared to be free of other members from the onion-sourced allylic-polysulfide 778 
family.  As shown in Figure 9 and 10 below, these two character-defining ‘onion’ 779 
odorants were shown to emerge from an extremely large and complex odorous VOC 780 
field; a  compositional field previously shown to be common to mammalian waste in 781 
general (Roze et al., 2010; Soso et al., 2014, 2016, 2017). This result takes on added 782 
significance given the first author’s prediction, before compositional analysis, that the 783 
specific unknown ‘grilled onion’ odorant would emerge as character-defining relative to 784 
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the pt porcupine source; a clear example of prioritized odor impact simplicity arising 785 
from background compositional complexity.   786 
 787 

 788 
Figure #9 TIC Chromatogram of the pt porcupine indoor exhibit chamber VOCs; total ion 789 
overview VOC profile, generated in ms-SCAN acquisition mode.  Volatiles collection by 15 790 
hr. SPME fiber exposure to chamber environment. 791 
 792 

 793 
 794 

  795 
Figure #10 Aromagram odor profile of the pt porcupine indoor exhibit chamber odorants; 796 
overview odor profile, generated by GC-Olfactometry.  Volatiles collection by 15 hr. SPME 797 
fiber exposure to the chamber environment.   798 
 799 
Much of the analytical effort, to-date, relative to odor profiling of the male pt porcupine 800 
urine has been directed at chemical identification of the two, character-defining, ‘onion’ 801 
odor carrier compounds.  This has included, relative to male pt porcupine urine 802 
headspace source: (1) the first author’s MDGC-MS-Olfactometry based chromatographic 803 
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isolation / clean-up from SPME headspace volatiles collection (Figure 11, 12 and 13; (2) 804 
Short Path Thermal Desorption based volatiles pre-concentration / single column GCMS 805 
ms-SCAN mode screening performed at Rutgers University and (3) independent MDGC-806 
MS-Olfactometry based chromatographic isolation / clean-up from SPME headspace 807 
volatiles collection performed by Volatile Analysis Corporation.  Despite these 808 
considerable efforts, the chemical identifications of the two character-defining ‘onion’ 809 
odor carrier compounds remain elusive, at the time of this writing.  The primary factor 810 
accounting for this difficulty is the extreme trace concentration levels and odor potencies 811 
of these two odorants.  Work to date suggests that the targeted  unknown ‘onion’ carrier 812 
compounds appear to be unrelated to specific polysulfide odorants which have been 813 
previously reported as being responsible for ‘grilled onion’ and ‘fried onion’ odor 814 
character (Boelens, et.al., 1993; McGorrin. 2007; May-Chien Kuo, et.al. 1990).  Work 815 
continues which targets chemical identification of the two critical unknown ‘onion’ odor 816 
carrier VOCs; odor compounds clearly critical to the characteristic odor at the odor 817 
frontal boundary relative to the pt porcupine as well as, possibly, the characteristic aroma 818 
associated with the grilling of onions. 819 
 820 
 821 

 822 
Fig. 11 FID Chromatogram of male pt porcupine urine headspace VOCs; pre-column 823 
overview VOC profile minus two ‘onion’ carrier target heart-cut isolation bands.  Volatiles 824 
collection by 10 min SPME fiber exposure. 825 
 826 
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 827 
Fig. 12 ms-TIC Chromatogram of male pt porcupine urine headspace VOCs; analytical 828 
column separation of two ‘onion’ carrier target cryo-trapped heart-cut isolation bands.  829 
Volatiles collection by 60 min SPME fiber exposure. 830 
 831 
 832 
 833 

 834 
Fig. 13 ms-TIC Chromatogram of male pt porcupine urine headspace VOCs; analytical 835 
column separation focused on the second of two ‘onion’ carrier target cryo-trapped heart-836 
cut isolation bands.  Volatiles collection by 10 min SPME fiber exposure. 837 
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Table 2. Comparative Impact-Priority Odorants; pt Porcupine vs Swine Barn 838 
Prehensile Porcupine VOCs & 

Odorants* 
(priority odorants bolded) 

Priority Odorants* 
Common 

italics = minor

Swine Barn VOCs & 
Odorants* 

(priority odorants bolded) 
 
odor character = ‘grilled onion’ odor character = ‘barnyard’ 
 
unknown ‘onion’ @13.9 min   
unknown ‘onion’ @20.6 min  
 
p-cresol p-cresol p-cresol 
butyric acid butyric acid butyric acid 
isovaleric acid isovaleric acid isovaleric acid 
 2-amino acetophenone 
4-ethyl phenol 4-ethyl phenol 4-ethyl phenol 
 4-methyl quinazoline 
skatole skatole skatole 
indole indole indole 
 

Sulfides  Sulfides 
dimethyltrisulfide dimethyltrisulfide dimethyltrisulfide 
methyl mercaptan methyl mercaptan methyl mercaptan 
dimethyl sulfide dimethyl sulfide dimethyl sulfide 
propyl mercaptan  propyl mercaptan 
dimethyl disulfide dimethyl disulfide dimethyl disulfide 
hydrogen sulfide hydrogen sulfide hydrogen sulfide 
  

Fatty Acids Fatty Acids 
valeric acid valeric acid valeric acid 
hexanoic acid hexanoic acid hexanoic acid 
propanoic acid propanoic acid propanoic acid 
acetic acid acetic acid acetic acid 
heptanoic acid heptanoic acid heptanoic acid 
   

Amines Amines 
trimethylamine trimethylamine 
diethylamine  diethylamine 
1-pyrroline 1-pyrroline 
  

Aromatics Aromatics 
guaiacol guaiacol guaiacol 
benzaldehyde benzaldehyde benzaldehyde 
4-ethyl phenol 4-ethyl phenol 4-ethyl phenol 
phenol phenol phenol 
4-methyl-2-nitrophenol  4-methyl-2-nitrophenol 
para-vinyl phenol para-vinyl phenol 
benzoic acid benzoic acid 
phenyl acetic acid phenyl acetic acid 
benzyl alcohol benzyl alcohol benzyl alcohol 
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 Ketones  Ketones 

2-octanone 2-octanone 
 6-methyl-5-heptene-2-one 
  2-undecanone 

 pentadecanone 
diacetyl diacetyl diacetyl 
acetone acetone acetone 
  

Aldehydes Aldehydes 
hexanal hexanal hexanal 
nonanal nonanal nonanal 
methional methional methional 
 undecanal 
  

Alcohols  Alcohols 
 1-octene-3-ol 
 3-octanol 
  1-heptene-3-ol 
 trans-farnesol 
 maltol 
 geosmin 
  

Miscellaneous  Miscellaneous 
2-methyl furan 2-methyl furan 2-methyl furan 
1,3-pentadiene  2-pentyl furan 
dimethyl pyrazine dimethyl pyrazine 
4,8-dimethyl-1,3,7-nonatriene acetamide 
1-methoxy-1,3,5-cycloheptatriene  4-methyl pyridine 
tridecane propanamide 
  6-heptyltetrahydro-2H-pyran-

2-one 
  butanamide 
 3-methyl-phenyl acetate 
 phenyl ethyl alcohol 
  pentamide 
 2-pyrrolidinone 
 hexadecane 
  valerolactam 
  5-methyl-2,4-

imidazolidinedione 
Notes:  * - many chemical identifications, beyond the impact-priority compounds, should be considered as 839 
tentative; they are the product of best-match efforts from Wiley and NIST mass spectral libraries matching.  840 
Many listed character-defining and character-impact odorants have been confirmed through on-instrument 841 
retention time matching.   842 
 843 
Contrasting downwind odorant prioritizations; the South American pt porcupine 844 
versus a North Texas swine-barn:   The character-defining status of the unknown 845 
‘onion’ odorants relative to the odor frontal boundary of the pt porcupine forms an 846 
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interesting contrast to the VOC compositional profile of the North Texas commercial 847 
swine barn.  This is clearly reflected in comparing the Table 1 and Table 2 parallel 848 
odorant prioritization listings.  In contrast to the prairie verbena versus swine barn 849 
comparisons in Table 1, it is clearly evident that while there was little VOC 850 
compositional commonality between the prairie verbena and the swine barn emissions, 851 
the pt porcupine and swine barn emissions present with much in common.  This is 852 
especially the case with respect to their ‘suspect’ high-impact odorant subsets.  In that 853 
respect, it is believed noteworthy that the pt porcupine presents with significant emission 854 
loadings of the reduced sulfurs, free-fatty acids, indolics and phenolics (i.e., including, in 855 
particular, p-cresol); all of which factor heavily in CAFO emission profiles.  The absence 856 
of apparent odor contribution from these odorous VOCs, at the pt porcupine’s odor 857 
frontal boundary, serves to magnify the impact significance of the two unknown ‘onion’ 858 
odorants and their apparent singular correlation to the characteristic frontal boundary 859 
‘grilled onion’ odor.  This is particularly interesting, considering that the pt porcupine 860 
and swine barn sources present with odor characteristics at their respective odor frontal 861 
boundaries which are distinctly different.  Stated another way, these two sources share 862 
much in common with respect to odorous VOC emission profiles; in spite of exhibiting 863 
at-distance odor characteristics which appear unrelated!  864 
 865 
Case Study #3: Virginia Pepperweed 866 
 867 
Composite Odor Assessment:  As described above for the prairie verbena and pt 868 
porcupine, the experience of the first author with the virginia pepperweed as a ‘model’ 869 
environmental odor source is also believed to be illustrative.  The first conscious 870 
introduction of the first author to the natural clusters of virginia pepperweed was a chance 871 
encounter with small invasive pocket of the ubiquitous weed while mowing a Central 872 
Texas lawn. In cutting over the small clusters and approaching the odor frontal boundary, 873 
a very familiar odor was detected from his position on the lawn tractor.  Approaching 874 
odor extinction at the frontal boundary, the first author was struck by the surprising 875 
intensity of the odor and its very distinct ‘burnt match’ odor character.  This was an odor 876 
which the first author had become very familiar with as a result of past studies targeting a 877 
variety of environmental odor sources (Wright, et.al., 2008). As described previously for 878 
the prairie verbena and pt porcupine sources, the odorant responsible for the unique and 879 
characteristic odor from the mechanically macerated virginia pepperweed clusters could 880 
be confidently predicted at the time of that first encounter.  This prediction, in advance of 881 
analytical confirmation, was that benzyl mercaptan would emerge as the character-882 
defining odorant, primarily responsible for the distinct ‘burnt match’ odor character of 883 
the macerated virginia pepperweed clusters.  As stated above, this prediction was 884 
significant; considering, to be ultimately proven correct, requires the first author to have 885 
recognized and correctly identified a single odorous chemical from the hundreds, or 886 
perhaps thousands, of other possible odorous chemicals and to have done so before any 887 
analytical work had been conducted.   888 
 889 
Odorant Prioritization: Follow-up MDGC-MS-Olfactometry based odorant 890 
prioritization efforts, associated with this first encounter in June, 2016, confirmed the 891 
pre-analysis prediction that the character-defining odorant would be found to be 892 
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traceable, dominantly or exclusively, to benzyl mercaptan.  As shown below in Figure 14 893 
the mechanical stressing of this plant (i.e. crushing, cutting or chopping) is the critical 894 
factor which drives the release of the odorous VOC emission  This is shown in the 895 
contrasting  ms-SCAN TIC chromatograms as displayed below in mirror-image format; 896 
profiling pristine versus crushed VOC emission profiles.   897 
 898 

 899 
Figure #14 ms-SCAN TIC Chromatogram of the Central Texas virginia pepperweed 900 
headspace volatiles. Total ion overview profiles, generated in ms-SCAN acquisition mode 901 
and displayed in mirror-image format; reflecting pristine versus crushed states.  Volatiles 902 
collection by SPME fiber exposure. 903 
 904 
It is believed noteworthy that, while the odor at the frontal boundary presents as 905 
remarkably simple (i.e. benzyl mercaptan alone) the overall odorous VOC emission 906 
profile from the crushed plant is relatively complex.  Under gross analysis conditions this 907 
complexity includes: (1) benzyl thiocyanate; (2) benzyl isothiocyanate; (3) hexanal; (4) 3-908 
hexene-1-ol; (5) benzaldehyde and (6) benzene acetonitrile, among others.  Interestingly, 909 
the character-defining benzyl mercaptan peak was not detectable under the initial gross 910 
loading / ms-SCAN survey acquisition parameters. Initial chemical identity confirmation 911 
for benzyl mercaptan was enabled by matching the known chromatographic retention 912 
time and known distinctive odor response for benzyl mercaptan at the olfactory detector.  913 
The corresponding odor profiles for the pristine versus crushed VOC emission profiles 914 
are shown in Figure 15 below.    915 
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 917 
Figure #15 Odor profile aromagram of the Central Texas virginia pepperweed headspace 918 
odorants. Overview odor profiles, generated by GC-Olfactometry and reflecting odorant 919 
collections by SPME fiber exposure to headspace environments reflecting contrasting, 920 
pristine versus crushed states. Aromagrams displayed in mirror-image format. 921 
 922 
The apparent simplicity of the benzyl mercaptan ‘burnt match’ odor at the frontal 923 
boundary progressed to a distinctly different odor, of much greater complexity, upon 924 
closer inspection relative to the source.  In the case of the MDGC-MS-Olfactometry 925 
based odorant prioritization effort, the near-source, closer-inspection was the wide-mouth 926 
opening of the 1 L glass headspace vessel containing the crushed whole plants.  In 927 
contrast to the simple ‘burnt match’ benzyl mercaptan odor at the odor frontal boundary, 928 
the near-source odor character, at or near the vessel opening, was perceived as ‘grassy’ / 929 
‘herbaceous’; dominated by the ‘grassy’ odor of hexanal, in combination with the 930 
‘earthy’ / ‘mushroom’ odor of 1-octene-3-one and ‘herbaceous’ odor of 3-hexene-1-ol.  931 
As proposed by the first author, the overall impact-priority subset for the crushed virginia 932 
pepperweed source, was projected as: (1) benzyl mercaptan (character-defining at the 933 
odor frontal boundary); (2) hexanal ‘grassy’;  (3) 1-octene-3-one ‘earthy’; (4) 3-hexene-934 
1-ol ‘herbaceous’; (5) unknown ‘ketone’ @13.59 min RT; (6) benzaldehyde ‘cherry’; (7) 935 
unknown ‘burnt’ @24.95 min RT; (8) methyl mercaptan ‘fecal’ and (9) hydrogen sulfide 936 
‘sewer’.  937 
 938 
Implications of the Rolling Unmasking Effect and Odorant Prioritization for 939 
Environmental Odor Mitigation and Monitoring Strategy Development 940 
 941 
As a model for larger scale environmental odor sources, the virginia pepperweed, pt 942 
porcupine and prairie verbena results are believed to illustrate an important consideration: 943 
… ‘with respect to focusing a community environmental odor issue, it is possible to look 944 
too closely at the source’…  In effect, looking too closely at the source often expands the 945 
study to include background noise; an unnecessary expenditure of effort if the goal is, in 946 
fact, the reduction of environmental odor impact upon human receptors.  With respect to 947 
odor neutralization or mitigation, it is important to focus initial attention on the smallest 948 
subset of odorous chemicals which represent significant impact and reach, downwind 949 

benzyl mercaptan ‘burnt match’ Crushed State

Aromagram; Virginia Pepperweed HS 
Pristine State 

hexanal ‘grassy’

1-octene-3-one  ‘earthy’ 

unknown  ‘burnt’
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relative to the source.  In the illustrative cases presented herein these subsets are, 950 
respectively, (1) the benzyl mercaptan driven ‘burnt match’ odor of virginia pepperweed; 951 
(2) the two unknown ‘onion’ odorant driven ‘grilled onion’ odor of the pt porcupine and 952 
(3) the p-cresol driven ‘barnyard’ odor of prairie verbena.  These subsets are the single, 953 
character-defining odorants, first recognizable at the odor frontal boundaries.  Success in 954 
reducing or eliminating the highest impact odorants will often result in pushing the odor 955 
frontal boundary back toward the source; reducing its outward reach.  Such a focused 956 
approach, outward to inward with respect to the source often represents the most efficient 957 
approach to development of effective strategies for remediation, monitoring and 958 
mitigation.  Impact significance due to the remaining complex odorous ‘noise’, near the 959 
source, is often eliminated through the natural dilution process in dispersive migration 960 
outward.  On a small scale the odor change upon distance separation from these small-961 
scale sources are believed to constitute excellent natural representations of the RUE 962 
which has been previously described for larger environmental odor sources; both natural 963 
and man-made.   964 
 965 
 Unfortunately, while it is often relatively simple to identify the character-defining 966 
odorant(s) at the odor frontal boundary, it may be more challenging to accurately predict, 967 
in advance, the actual reduction in outward reach which might be realized by selective 968 
elimination of only those few critical compounds.  As was shown in Figure 1 the 969 
reduction in outward odor reach will be determined by the distance separation between 970 
the outermost frontal boundary and the nearest secondary boundary in retreating upwind 971 
toward the plume source.  With regard to such a ‘hypothetical’ selective elimination 972 
strategy, the best-case scenario would be a considerable distance separation between the 973 
frontal boundary and the closest secondary boundary.  This may or may not be what 974 
actually exists.  An obvious corollary to such a selective elimination strategy / reach-975 
reduction consideration is the corresponding impact on odor- character / odor-quality.   976 
 977 
One unintended consequence of the selective elimination of only the character-defining 978 
odorant responsible for the odor at the frontal boundary might be the unmasking to an 979 
odor character which is even more offensive than the original; driven by the next-in-line 980 
character-defining odorant(s) responsible for the secondary boundary odor.  An excellent 981 
example of this consideration is reflected in the pt porcupine odor profile wherein 982 
selective elimination of the ‘grilled onion’ character-defining odorants would elevate the 983 
rest of the impact-priority odorant subset.  It is reasonable to predict that the emerging 984 
secondary odor boundary would be more ‘barnyard’ in character (Wright, et.al.,  985 
2006); owing to the secondary priority of p-cresol and the overall odor profile similarity 986 
between pt porcupine and swine barn summarized in Table 2.   987 
 988 
Simply stated, the ‘hypothetical’ selective elimination of only those odorant(s) reflecting 989 
the greatest downwind reach could result in a relatively minor  reduction in reach while 990 
uncovering a more offensive odor!  Therefore, in practice, a more realistic strategy is to 991 
focus initial attention on the smallest character-impact subset of odorants responsible for 992 
frontal boundary + near-source combined odor character.  Obviously this smallest target 993 
subset MUST include the character-defining odorant(s) shown to be responsible for the 994 
odor at the frontal boundary.  As example, in the case of the pt porcupine, that smallest 995 
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combined subset consists of the 5 to 7 odorants leading the comparative listing in Table 996 
2.  997 
 998 
Counter-intuitive odor masking… With regard to the RUE, many of the near-source 999 
versus frontal boundary impact-priority rankings described above run counter-intuitive.  1000 
For example: (1) with respect to the Mexican Free-tail bat colonies, the near-source odor 1001 
masking dominance of ammonia (a relatively weak odorant) over 2-amino acetophenone 1002 
(the highly potent ‘bat-cave’ / ‘taco shell’ odorant ascending to ‘un-masked’ dominance 1003 
at the odor frontal boundary) and  (2) with respect to the virginia pepperweed clusters, the 1004 
near-source odor masking effect of hexanal and 3-hexene-1-ol (comparatively weaker 1005 
‘grassy’ / ‘herbaceous’ odorants) over benzyl mercaptan (the highly potent ‘burnt’ / 1006 
‘burnt-match’ odorant ascending to ‘unmasked’ dominance at the odor frontal boundary).   1007 
 1008 
The Odor Activity Value (i.e., OAV) concept has historically been applied as one way to 1009 
gauge the difference in odor potency between different odorous compounds emitting 1010 
from a source.  OAV is defined as the simple ratio between the concentration of an 1011 
odorous compound in the headspace above a source and the odor threshold concentration 1012 
of that compound.  The OAV concept fails to adequately explain the apparent ‘flip’ in 1013 
odor dominance such as observed relative to the Mexican Free-tail bat colony since the 1014 
OAVs for both ammonia and 2-amino-acetophenone are assumed to reflect relatively 1015 
constant values spanning the short time and distance extremes reflected downwind from 1016 
the high-density colonies.  An alternate approach for representing this observed ‘counter-1017 
intuitive’ unmasking effect is proposed in the overlay odor threshold response curves in 1018 
Figure 16 below.        1019 
 1020 

 1021 
Figure 16: Representative Odor Threshold Curves; Higher impact (greater reach) odorant versus 1022 
Lower impact (shorter reach but masking) odorant (e.g. 2-amino-acetophenone versus ammonia 1023 
relative to Bracken Cave Mexican Free-tail bat colony).  1024 
 1025 
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This is a general graphical representation of the odor response curves for two competing 1026 
odorants; one reflecting relatively high odor potency, the other reflecting comparatively 1027 
lower odor potency (e.g., 2-aminoacetophenone versus ammonia).  As shown, the odor 1028 
responses are reflected as overlay sigmoid curves; plotting concentration against odor 1029 
intensity and delineated by: (1) odor threshold value - the minimal concentration that 1030 
can be detected by a human receptor as a perceptible odor change; (2) odor recognition 1031 
threshold value - the minimal concentration that can be detected and recognized by the 1032 
human receptor as to odor character / odor source and (3) odor saturation threshold 1033 
value - the concentration level at which all related olfactory receptors are activated and 1034 
above which any additional concentration increase will fail to induce a corresponding 1035 
increase in response intensity.  While ammonia (i.e., the lower-impact and lower odor 1036 
potency  of the two) is pictured as requiring a much higher concentration to exceed the 1037 
odor and recognition thresholds, once exceeded it rises to a response level which 1038 
overtakes 2-amino acetophenone (i.e., the higher-impact and greater odor potency of the 1039 
two).   While OAV values account for the dominance of a higher-impact odorant up to 1040 
the point of being masked, it fails to account for the apparent reversal in dominance 1041 
above that juncture.   1042 
 1043 
A number of mechanisms have been proposed for this observed non-linearity of the OVA 1044 
values at a higher concentration; including: (1) synergistic effects; (2) receptor blocking 1045 
effects; (3) receptor competition effects and possibly others.  Addressing the challenge of 1046 
defining the olfactory physiological mechanisms which are responsible for this observed 1047 
counter-intuitive effect is beyond the scope of the work reported herein.  Rather, the goal 1048 
of these authors is qualitative illustration of these effects utilizing small-scale natural 1049 
odor sources.   1050 
 1051 
An interesting aside relative to the issue of odor threshold versus maximum odor 1052 
intensity is believed reflected relative to 2,4,6-trichloroanisole (i.e., TCA) and 1053 
tribromoanisole (i.e., TBA).  These two ‘ugly cousins’ have been prioritized relative to 1054 
many ‘musty’ consumer product odor issues; most notably, perhaps, the ‘cork taint’ 1055 
issues from the wine industry.  It is believed noteworthy that, concerning odor, the 20th 1056 
Edition Merck Index describes TCA as ‘faint odor similar to acetophenone.’  This 1057 
reference to the odor of TCA as ‘faint’ is believed noteworthy, considering its published 1058 
odor threshold value of 10 parts per trillion. (Park, N., et.al., 2007)  Consistent with this 1059 
description, from the first author’s personal experience , is the observation that the odor 1060 
response to either TCA or TBA (i.e., reported odor threshold of ~30 ppq by Mallert, L., 1061 
et.al., 2002) contamination can be initially masked by many other common odors co-1062 
emitting from the source; regardless of relative odor potency.  In contrast, however, TCA 1063 
and TBA will almost always be the ‘last odors remaining’ after all others have weathered 1064 
away to levels below their respective odor ‘masking’ effect.  It is believed that these 1065 
observations are, at least partially, representative of the disconnect which can exist 1066 
between odor threshold and odor intensity, as reflected in Figure 16 above.   1067 
 1068 

Implications of the RUE for the discourse regarding community environmental odor 1069 
issues. As shown relative to the three natural environmental odor models, the complexity 1070 
of odor composition is often greatly reduced upon distance separation from the source.  1071 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 March 2018                   doi:10.20944/preprints201803.0094.v1

http://dx.doi.org/10.20944/preprints201803.0094.v1


 

34 
 

An important by-product of this simplification is the potential for improving 1072 
communication between critical stakeholders relative to a community environmental odor 1073 
issue.  In particular, the stake-holder standing to gain the most from improving 1074 
communication is the downwind citizenry; the group most directly impacted by the issue.  1075 
Historically, this is the stakeholder group which has been least effectively represented in 1076 
community discussions regarding odor assessment, chemical prioritization, odor 1077 
monitoring and mitigation strategy development.   1078 

 1079 

The authors feel that the challenges which have led to this under-representation can be 1080 
illustrated, at least partly, by drawing parallels from one of the other human senses; the 1081 
sense of visual color perception.  For example, if the cube, pictured in Figure 17 below, 1082 
was presented to a human ‘sensory’ panel and the panel asked to describe the color, a 1083 
very high percentage of panelists are likely to describe the color as RED.  If then asked to 1084 
expand on this assessment, various descriptor modifiers might be added regarding the 1085 
three discrete faces, such as ‘tomato’, ‘blood’ and ‘fire engine’.   However, these 1086 
proposed modifiers would likely reflect a considerably lower level of consensus since 1087 
they are cultural and/or personal experience based.  Fortunately, concerning the sense of 1088 
vision, physical color-wheels can be used to effectively neutralize these biases and 1089 
reconcile the modifying descriptors to a closer approach back to consensus.  In contrast, 1090 
however, concerning the sense of smell, we are limited, solely, to such ‘hazy’ descriptor 1091 
modifiers for reconciling communication regarding environmental odors of common 1092 
interest (e.g., sewer-like, barnyard-like, skunky, musty etc.).  Sensory professionals, 1093 
representing various industries, have developed odor/aroma/flavor wheels which attempt 1094 
to emulate the color-wheel (Torrice, M., et.al., 2017; Harbison, M., et.al., 2013). While 1095 
these sensory wheels can be very effective tools in reconciling discussions between 1096 
trained sensory professionals, these authors feel they are too cumbersome for practical 1097 
use by the lay panel (e.g., such as populated by downwind citizenry).  The practicality 1098 
challenge for such odor wheels is the fact that they, too, rely on relatively imprecise 1099 
descriptors such as ‘musty’, ‘barnyard’ etc.  1100 
 1101 
 1102 
 1103 
 1104 
                         1105 

  1106 

 1107 

 1108 

 1109 

 1110 

 1111 

 1112 

 1113 

 1114 

‘blood’ 

  RED ‘blood’ RED 

‘tomato’ RED 
‘fire engine’ RED 
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Figure #17 Visual color perception challenge and its parallel to communication relative to odor;  1115 

 1116 

The simplification of odor profiles, induced by the RUE, opens up the possibility of 1117 
introducing a reconciling tool for odor which is more closely aligned with the simplicity 1118 
of the color wheel for color.  This tool is the use of chemical odor-matching (Wright et 1119 
al., 2006).  Taking as example the prairie verbena, virginia pepperweed and pt porcupine 1120 
odor sources, reconciling the communication regarding odor-character at their respective 1121 
odor frontal boundaries is reduced to its simplest form; confirming or rejecting their 1122 
odor-match to ‘suspect’ high-purity odorants,  p-cresol, benzyl mercaptan and unknown 1123 
‘onion’ odorant #1 +  unknown ‘onion’ odorant #2, respectively.   1124 

 1125 

In its simplest form, the odor-match query asked of a lay panelist relative to a targeted 1126 
environmental odor is a simple YES or NO when presented with a trace amount of a 1127 
‘suspect’ character-defining odorant.  This simplicity negates the requirement, on the part 1128 
of the panelist, for extensive training, experience or memory acuity relative to odor 1129 
recognition.  The only requirement is the normal application of his / her sense of smell 1130 
(i.e., assumed or demonstrated to be normally functioning).  Such straight-forward odor-1131 
match surveys can be easily expanded to include query variations such as: (1) pick the 1132 
best odor-match from a multi-unknown odorant line-up which includes the ‘suspect’ 1133 
character-defining odorant and (2) apply a perceived odor-match quality grading to a 1134 
perceived best odor-match selection.  The odor-match validation process is the same 1135 
whether the chemical reference is a single, character-defining odorant (e.g., dominant at 1136 
the odor frontal boundary) or a multi-odorant formulation (e.g., synthetically replicating 1137 
the combined frontal boundary + near-source odor character).              1138 

 1139 

Although the odor-match approach to validation of a proposed odorant prioritization may 1140 
be relatively simple and straight-forward, there are a number of practical challenges 1141 
which can present.  Unfortunately, even if the impact-priority odorants are isolated from 1142 
the targeted sample utilizing MDGC-MS-Olfactometry, there is no guarantee that: (1) one 1143 
will be able to achieve mass spectral identification of the impact-priority subset, so 1144 
isolated; (2) even if one does achieve chemical identification, that the suspect odorous 1145 
compound(s) will be found to be commercially available for synthetic odor-match 1146 
blending or (3) even if identified and the suspect odorous compounds are found to be 1147 
commercially available, that they will be available in sufficiently high purity (i.e. odor-1148 
purity).   1149 

 1150 

It is noteworthy that, among the three natural sources discussed herein, the two plant 1151 
sources proved to be straight-forward for odor-match validation while the pt porcupine 1152 
yielded an excellent illustration of the potential challenges.  Despite extraordinary efforts 1153 
utilizing: (1) MDGC-MS-Olfactometry based target odorant purification / separation and 1154 
(2) an ‘onion’ polysulfide targeted SPTD based pre-concentration enrichment protocol, 1155 
the identities of the two character-defining ‘onion’ odor notes remain elusive (i.e., as of 1156 
the time of this writing).  As a result, the first author was forced to apply a novel ‘work-1157 
around’ which was recently developed relative to an unrelated investigation.   The novel 1158 
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concept (Wright, D.; Provisional Patent Application; 2017) which is summarized below 1159 
opens up the possibility of off-setting the challenges attendant with high-impact odorant 1160 
‘unknowns’ and ‘unavailables’.  1161 
 1162 
Double-heart cut isolation of high-impact odorants from crude source materials. 1163 
In essence, the ‘work-around’ utilizes MDGC, in sample-prep mode, for on-the-fly 1164 
purification / isolation / capture of the ‘suspect’, high-purity reference odorants from 1165 
readily available crude source materials.  Once refined and captured, the proposed 1166 
priority odorants can be utilized off-line for presentation to the lay panelists for odor-1167 
match validation of impact-priority or character-defining status.  In the case of the pt 1168 
porcupine, ‘dirty’ urine (i.e., passive external collection; with minor entrained feces 1169 
contamination) was collected from the male half of the primary Moody Gardens breeder 1170 
pair and utilized as the crude source material.   1171 
 1172 
For illustration purpose, unknown ‘onion’ odorant #1 was the reference odorant 1173 
targeted for initial odor-match validation; proceeding approximately as follows. It was 1174 
experimentally determined that a timed heart-cut event; transferring the pre-column 1175 
effluent to the analytical column between retention times 9.9 min and 11.20 min, 1176 
effectively isolated the targeted unknown ‘onion’ odorant #1 from the bulk of potential 1177 
VOC interference peaks and odorants.  This 78 s transfer window represented less than 1178 
6% of the total pre-column VOC separation profile of ~22 min.  It was further determined 1179 
experimentally, that a 12 s whole-air fraction collect when taken at the olfactory detector 1180 
from this initial 78 s heart-cut separation band; further refined the targeted unknown 1181 
‘onion’ odorant #1 fraction (i.e., essentially constituting a heart-cut collection from a 1182 
heart-cut purification).  Mechanically, an inert, low-odor, polyolefin gas-tight syringe 1183 
was used to ‘vacuum’ aspirate this 12 sec fraction (i.e., Figure #18), between 13.93 min 1184 
and 14.13 min; capturing the targeted unknown ‘onion’ odorant #1 peak as it eluted to 1185 
the olfactory detector nose-cone.  This 2-stage, clean-up fraction represented less than 1186 
1.0% of the extremely complex 22 min pre-column VOC profile as collected from the 1187 
headspace above the crude urine sample.   1188 

 1189 
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 1190 
Figure #18; Fraction Collect Process. Whole-air fraction collection; aspiration of olfactory detector 1191 
effluent for deferred, off-line odor assessment.   1192 
 1193 
Off-line composite odor assessment of the syringe vapor contents confirmed the odor 1194 
purity of the isolated fraction.  Upon off-line presentation to three collaborative 1195 
associates, there was consensus agreement, with the first author, for the ‘onion’ / ‘grilled 1196 
onion’ odor character descriptor.  Likewise, upon off-line presentation to a collaborative 1197 
associate from the Moody Gardens Rainforest Exhibit team, there was consensus 1198 
agreement, with the first author, for the high-fidelity match to the characteristic odor of 1199 
the pt porcupine exhibit (i.e., upon dilution of distance separation).   When presented with 1200 
the isolated unknown ‘onion’ odorant #1 fraction, she agreed, enthusiastically, that it 1201 
did reflect the odor character of the pt porcupine, upon dilution.  However, it is also 1202 
interesting to note, that she did not characterize the odor as ‘onion’ specifically; rather 1203 
she volunteered that it had always reminded her of a favorite sauce that was frequently 1204 
made by her grandmother.  It is also noteworthy that a second member of the team, the 1205 
Assistant Curator of the Rainforest exhibit, had volunteered, in the initial conversation 1206 
with the first author in 2015, her impression that the dilute odor character of the pt 1207 
porcupine was that of ‘stale onion’.  This observation is believed significant since, up to 1208 
the time of that observation, the first author had not volunteered that he had already 1209 
predicted that the odor would be traced to a specific compound from the extensive 1210 
polysulfide ‘onion’ family of odorants. These contrasting odor character descriptors 1211 
appear to reflect another manifestation of the need for reconciling the discussion relative 1212 
to environmental odors; distinctly different contrasting descriptors, from multiple odor 1213 
panelists, for the same refined chemical odorant.  With the exception of the one ‘stale 1214 
onion’ description, it is interesting to note that, driven by the RUE the balance of the 1215 
assessments were assessed as relatively pleasant; in marked contrast to the assessment 1216 
first encountered on the exhibit’s instructional exhibit sign; ‘what is that foul odor?’.    1217 
 1218 

Patent Pending
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CONCLUSIONS 1219 
 1220 
As scale-models for community environmental odor issues, the odorant prioritization 1221 
results, presented herein, illustrate an important consideration. Regardless of the relative 1222 
size and reach of an environmental odor source, a simplification of odor character and 1223 
composition will typically develop in dispersive migration outward from that source.  1224 
Extremes of odor simplification-upon-dilution were demonstrated for two Central Texas 1225 
plant varieties, prairie verbena and virginia pepperweed. Their ‘odor frontal boundaries’ 1226 
were shown to be dominated by single, character-defining odorants; prairie verbena 1227 
presenting with a p-cresol dominated ‘barnyard’ odor and virginia pepperweed with a 1228 
benzyl mercaptan dominated ‘burnt match’ odor.  Similar odor simplification was also 1229 
shown for the South American pt porcupine; it’s downwind ‘odor frontal boundary’ 1230 
dominated by two potent, character-defining odorants (i.e. as yet unidentified): (1) 1231 
‘onion’ / ‘body odor’ odorant #1 and (2) ‘onion’ / ‘grilled’ odorant #2. In contrast 1232 
with their boundary simplicities, each of these sources also presented, at the source, with 1233 
odor compositions reflecting considerable complexity and corrresponding composite odor 1234 
character differences.    1235 
 1236 
Although simple odor dilution, as measured by odor concentration and intensity, certainly 1237 
occurs during downwind dispersive migration from the source, the term dynamic dilution 1238 
is limiting with respect to downwind environmental odor impact.  The results presented 1239 
herein suggest  that the process of downwind environmental odorant prioritization can 1240 
better be described as a rolling unmasking effect or RUE.  The RUE is exhibited by the 1241 
masking odors nearest the source sequentially ‘falling away’ with distance from the 1242 
source, revealing a succession of increasingly simplified odor characteristic and 1243 
composition, such as reflected in the three natural model sources.   1244 
 1245 
As a result of scaling factors and meteorological unpredictability, the logistics involved 1246 
in carrying-out odorant prioritization studies can be very challenging when targeting 1247 
large-scale odor sources.  However, for these author’s illustrative purposes, these 1248 
challenges were reduced significantly by selecting natural, ‘scale-model’ odor-sources 1249 
which represented significant reductions in the primary scaling factors; especially, 1250 
reductions in the size of the odor sources and the distance of their downwind reach.   1251 
 1252 
Significant parallels for community odor issues can be drawn from odorant prioritization 1253 
and the RUE driven simplification-upon-dilution, as demonstrated in these scale-model 1254 
studies.  Most notably are: (1) the potential for focusing of odor monitoring strategy 1255 
development to the most technologically appropriate for the impact-priority subset of 1256 
odorants; (2) the focusing of odor mitigation strategy development; enabling, potentially, 1257 
a more focused resolution of the environmental odor issue and (3) making possible the 1258 
integration of odor-matching as a reconciling tool for improving communication, among 1259 
stakeholders, regarding community odor issues.  The odor-matching strategy is suggested 1260 
as more closely aligning with the simplicity of the color wheel as applied to 1261 
communication regarding visual color perception. The authors also presented a novel 1262 
MDGC-MS-O based technique for off-setting challenges attendant with blending of high-1263 
impact odorant ‘unknowns’ and ‘unavailables’.  The novel technique utilizes MDGC, in 1264 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 March 2018                   doi:10.20944/preprints201803.0094.v1

http://dx.doi.org/10.20944/preprints201803.0094.v1


 

39 
 

sample-prep mode, for on-the-fly purification / isolation / capture of ‘suspect’, high-1265 
purity reference odorants from readily available crude source materials. 1266 
 1267 
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Figure S1. Prairie Verbena cluster; p-cresol ‘barnyard’ odor source; 1489 

 1490 

 1491 
Figure S2. Prairie Verbena field; p-cresol ‘barnyard’ odor source; 1492 
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 1496 
Figure S3. Virginia Pepperweed; benzyl mercaptan ‘burnt match’ odor source; 1497 

 1498 

 1499 
Figure S4; Cora; female porcupine at Moody Gardens, Galveston, Texas.  1500 

 1501 

 1502 
Figure S5. Sampling point at a porcupine exhibit chamber at Moody Garden. SPME fibers protected by 1503 

affixing to hanging fixture. 1504 
 1505 
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 1506 
Figure S6. One-quart glass sampling jar, equilibrating between SPME fiber insertions. Combination 1507 

urine deposited on low-odor paper towel + excess neat urine sample in open vial.   1508 
 1509 
 1510 
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