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A Search for Iridium Abundance Anomalies at Two 
Late Cambrian Biomere Boundaries in Western Utah 

Abstract. Iridium concentrations have been measured in samples taken across two 
Late Cambrian biomere boundaries (crisis zones) in search of evidence for possible 
elemental abundance anomalies similar to the one observed at the Cretaceous- 
Tertiary boundary. Sampling was performed in uplifted marine limestone deposits in 
the House Range of western Utah. Although the two trilobite-brachiopod extinction 
boundaries could be assigned to +4 millimeters of vertical section by laboratory 
examination of the rocks, only background amounts of iridium (2 x lo-'' to  
17 x lo-'' gram per gram of whole rock) were observed. 

After the initial reports by Alvarez et 
al. ( I )  of an iridium abundance anomaly 
in sediments corresponding to the Creta- 
ceous-Tertiary (KIT) boundary, there ac- 
cumulated a significant body of geo- 
chemical evidence (2, 3) indicating that 
the iridium enrichment pulse is a global 
phenomenon stemming from a single 
event. Alvarez et al,  proposed that this 
event was the earth impact of an asteroid 
of the order of 10 km in diameter, which 
ejected into the stratosphere sufficient 
dust to darken the earth for several 
months, producing the biological crisis 
that defines the end of the Cretaceous 
period. Relative to its concentration in 
most classes of meteorites, iridium is 
depleted in the earth's crust by three to 
four orders of magnitude. 

Investigators of the size and time dis- 
tribution of lunar and terrestrial impact 
craters and of earth-crossing asteroids 
and comets (4) have concluded that as- 
teroidal objects as large as 10 km in 
diameter probably collide with the earth 
every 50 x lo6 to 100 x lo6 years, and 
comet nuclei of similar size may have 
comparable collision rates. Thus, we 
might expect to find several more signifi- 
cant iridium anomalies in strata laid 
down since the early Cambrian (about 
570 x lo6 years ago). Obvious zones in 
which to search would be at other extinc- 

We describe here some paleontologic 
observations and geochemical measure- 
ments, including iridium assays, across 
both boundaries of the Late Cambrian 
Pterocephaliid biomere: the Marjumiid- 
Pterocephaliid boundary (MIP) and the 
Pterocephaliid-Ptychaspid boundary 
(PIP) (Fig. 1). At several Nevada and 
Utah localities, where the rocks are es- 
pecially fossiliferous, these boundaries 
are well documented (9, 10). These bio- 
stratigraphic boundaries are character- 
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tions in the fossil record, of which there 
are known to be at least four (5 ) .  G ~ ~ ~ -  Fig. 1. Stratigraphic position of documented 

(solid arrows) and suspected (open arrow or 
pathy (61, Alvarez 01. (7 )  9 and Asaro question mark) biomere boundary events in 
al. ( 8 )  have recently reported an iridium the Cambrian svstem of North America. The 
anomalv that is associated with micro- upper and lower boundaries of the Pteroce- 
tektites'and with the radiolarian extinc- phaliid biomere were examined in this work. 

tion zone that marks the marine Eocene- Under period, '', M%, and LG 'Orre- 
spond to Ordovician, Upper Cambrian, Mid- 

Oligocene 34 ' lo6 dle Cambrian, and Lower Cambrian, respec- 
years ago. 
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tively. 

ized by an abrupt extinction of assem- 
blages of trilobites that had been highly 
diverse and evidently well adapted and 
their replacement by a low-diversity fau- 
na dominated by only one or two spe- 
cies, all within a few centimeters of 
section. The pattern of extinction is simi- 
lar to that of the calcareous plankton at 
the KIT boundary (3) and was consid- 
ered to offer another possible example of 
an impact-related biological crisis (9). 

We conducted our search at several 
sites in and above Little Horse Canyon 
in the House Range of western Utah, 
where MIP and PIP biomere boundaries 
are exposed. These exposures are uplift- 
ed marine limestone beds deposited 
about 520 x lo6 years ago near the outer 
margin of a shallow epicontinental sea. 
Paleomagnetic and paleogeographic 
studies by Bambach et al. (11) have 
indicated that at that time the ancestral 
North American continent straddled the 
equator. 

Two suites of samples were taken, one 
involving three passes across the MIP 
biomere boundary and spanning 50 cm of 
vertical section and the second across 
the younger (about 5 x lo6 years) PIP 
boundary and spanning 120 cm. Slices 
were cut from our primary limestone 
sample blocks for laboratory paleonto- 
logic examination. Parallel sample se- 
quences were taken for geochemical 
measurement: a total of 100 samples was 
analyzed for iridium and a dozen other 
elements by means of instrumental neu- 
tron activation analysis, and 47 of these 
irradiated samples were dissolved and 
radiochemically processed to isolate the 
activated iridium, providing a hundred- 
fold improvement in detection sensitiv- 
ity. 

Data for our most detailed section 
across the MIP biomere boundary are 
summarized in Table 1 and displayed in 
Fig. 2A. The boundary was bracketed 
vertically to about t l cm by field exami- 
nation of these beds. Later laboratory 
examination established the boundary to 
within a few millimeters, as indicated in 
Fig. 2A. The iridium concentrations in 
these samples are very low, typically of 
the order of (4 i 1) x lo-" g per 
gram of whole rock (= 4 pglg), similar to 
average crustal concentrations. We ob- 
tained similar results from two additional 
measured sections across this zone taken 
at other locations within a lateral dis- 
tance of 100 m. The iridium concentra- 
tion in the boundary sample (Fig. 2A) is 
about three times the average of the 
others in this section; the other two 
sections exhibited no such irregularity at 
the boundary, but one of them showed a 
value of 18 pg per gram of whole rock 40 
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Fig. 2. Whole-rock elemental abundances and percentages (by weight) of insoluble residue after 
treatment with 2M HN03.  The MIP boundary (A) is indicated by the line at 17 cm that separates 
the highest occurrence of Crepicephalus (Cre) trilobites from the first appearance of Coosella 
(Coo). The PIP boundary (B) is indicated by the line at 5 cm that separates the highest 
occurrence of Elvinia (Elv) trilobites from the first appearance of Irvingella (Irv). 

cm up-section. At these low concentra- 
tions, we consider such irregularities as  
lying within the normal range of varia- 
tions and not indicative of an exotic 
event. Iridium concentrations at  the ma- 
rine KIT boundary are commonly report- 
ed to lie in the range 5000 pg per gram of 
acid-insoluble residue, with values up to 
87,000 pgig. Our iridium concentrations, 
expressed on the basis of acid-insoluble 
residue, range from 40 to 300 pglg. The 
concentrations of chromium and barium 
decrease abruptly at the MIP biomere 
boundary, although calcium carbonate is 
the dominant constituent (80 to 95 per- 
cent) of the rock throughout the column. 

Thus, although the MIP boundary is 
accompanied by small changes in the 
acid insolubles and in the element make- 
up, the geochemical data we have show 
no clear evidence of a catastrophe that 
could have brought about the observed 
extinction, particularly an extinction 
found in other localities hundreds of 
kilometers away. 

For  the PIP biomere boundary study 
we selected a site on Orr Ridge, strati- 
graphically about 228 m above the MIP 
boundary. On the basis of field examina- 
tion for trilobite fragments, we chose a 
sampling interval centered about half- 
way between the last appearance of El- 
vinia and the unambiguous observation 
of Zrvingella just above the rubble zone 
shown at 82 cm in Fig. 2B. Subsequent 
laboratory examination established the 
boundary about 45 cm below this provi- 

Table 1 .  Whole-rock elemental abundances across the Majumiid-Pterocephaliid biomere boundary; NR, not analyzed radiochemically; u ,  
standard deviation. 

Sample 
loca- 
tion* 
icm) 

+23.0 
+20.3 
+ 17.4 
+15.3 
+ 12.8 
+ 10.7 

+9.0 
+7.5 
+6.1 
+4.9 
+3.5 
+ 1.8 

0 (MIP) 
- 1 . 1  

*The midpoint positlon of the sample is given in centimeters above (+) or below (-)  the M/P boundary. *Detection sensitivity, 0.5 pdg. 
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sional midpoint. It was marked by the 
abrupt disappearance of Elvinia and the 
appearance of Irvingella, accompanied 
by the disappearance of typical trilobites 
of the Elvinia zone and the associated 
acrotretid brachiopod Linnarssonella 
and the appearance of the distinctly dif- 
ferent trilobite and brachiopod assem- 
blage of the Irvingella major subzone. 
Here, as  at the MIP boundary, our iridi- 
um data show no indication of a concen- 
tration anomaly, nor is there any obvious 
change in the amount of acid-insoluble 
residue or  in the concentration ranges of 
the elements. However, thin-section 
analysis revealed a distinct hardground 
at the boundary, indicating a slight un- 
conformity or hiatus. Thus, the absence 
of a geochemical anomaly could be a 
result of missing sediments. 

In summary, we have found no signifi- 
cant iridium enrichments at  either the 
MIP or the PIP biomere boundaries; the 
concentrations of this element are con- 
sistently in the range of picograms per 
gram of whole rock, the concentration 
characteristic of the earth's crust. Nor 
d o  the concentrations of any of the other 
elements measured exhibit exotic val- 
ues. Impact of a large achondrite (known 
to contain less iridium than other mete- 
orites) or of a comet would be less likely 
to produce an iridium signal detectable 
above crustal background. The dominant 
rock at both boundaries is limestone, 
with variations characteristic of terrestri- 
al processes. Both of these biomere 
boundary sequences were deposited in 
shallow water, where wave and tidal 
action could have dissipated local con- 
centrations of fallout material. More- 
over, we have examined only one sam- 
pling site. Thus, although the iridium 
abundances that we have observed are 
typical of average crustal rock, we can- 
not definitely conclude that these two 
Cambrian extinctions were not associat- 
ed with impacts of large extraterrestrial 
bodies. We believe that this possibility 
can be excluded only by iridium mea- 
surements on these two biomere bound- 
aries at other distant locations character- 
ized by abundant fossils and continuous 
deposition. There exist locations in the 
continental United States, for example, 
in Arizona, Texas, and Tennessee (9), 
that may prove suitable for these studies. 
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Seismic Detection of the Summit Magma 

Complex of Kilauea Volcano, Hawaii 

Abstract. Application of simultaneous inversion of seismic P-wave arrival time 
data to the investigation of the crust beneath Kilauea Volcano yields a detailed 
picture of the volcano's heterogeneous structure. Zones of anomalously high seismic 
velocity are found associated with the volcano's rift zones. A low-velocity zone at 
shallow depth directly beneath the caldera coincides with an aseismic region 
interpreted as being the locus of Kilauea's summit magma complex. 

For a number of years the Hawaiian 
Volcano Observatory (HVO) has operat- 
ed a seismic network to monitor the 
thousands of earthquakes that occur an- 
nually beneath Kilauea Volcano and the 
surrounding region. These earthquakes 
are caused by the volcanic and tectonic 
forces that build and shape the shield 
volcanoes of Hawaii. The seismic activi- 
ty provides a means of probing the deep 
structure of Kilauea. For example, the 
spatial distributioo of magma-related 
seismic events has been used to map the 
structure of Kilauea's magmatic pas- 
sageways (1, 2). Furthermore, an aseis- 
mic zone directly beneath the Kilauea 
caldera has been interpreted as being the 
volcano's summit magma reservoir (1). 

Seismic wave travel time has also been 
utilized to map the subsurface structure 
of Kilauea, both with refraction (3, 4) 
and teleseismic (5) data. All these studies 
provide clear evidence for the laterally 
heterogeneous seismic velocity structure 
of the crust beneath Kilauea. This report 
presents a three-dimensional model for 
the P-wave velocity structure of the 
crust beneath Kilauea, determined by 
the inversion of local earthquake P-wave 
arrival times recorded by the HVO seis- 
mic network. The data set and method 
used permit the resolution of structure 
on a spatial scale of 3 to 4 km. Extreme 
lateral variations in velocity are re- 
vealed, particularly in the contrast be- 

tween nonrift (relatively low velocities) 
and rift and summit areas (high veloci- 
ties). In addition, a zone of low velocity 
is detected that coincides with the aseis- 
mic region beneath the caldera, confirm- 
ing this to be a zone of low rigidity. 

The use of local earthquake arrival 
time data to determine a model for three- 
dimensional seismic structure has 
proved successful in probing the earth's 
crust and upper mantle (6-10). In early 
studies of this type a method was used 
that involves simultaneous inversion for 
earthquake locations and velocity struc- 
ture in a single step (6). Two recently 
developed techniques have made itera- 
tive three-dimensional inversion practi- 
cal. One is parameter separation (7, l l ) ,  
a procedure for decomposing the simul- 
taneous inversion problem into a set of 
equations involving velocity model per- 
turbations only. As a result, the compu- 
tational size of the inversion problem can 
be kept manageably small no matter how 
many earthquakes are included. The sec- 
ond is approximate ray tracing (ART) (8, 
9, 12), which takes advantage of Fer- 
mat's principle to  derive approximate 
ray paths and travel times in an arbitrary 
velocity structure. ART is far faster 
computationally than existing three-di- 
mensional ray tracing algorithms, mak- 
ing it practical to determine an iterative 
solution to the nonlinear simultaneous 
inversion problem. Both parameter sepa- 
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