
40 Hz, with the responses falling off rapidly 
below 20 Hz, and more gradually above 50 
Hz. A mean tuning curve for 13 prirnay 
afferents is shown in Fig. 2A. 

Examinations of gut contents (8, 9) indi- 
cated that P. borchgreiinlzi feeds selectively 
on larger zooplankton in the upper water 
column. Recordings were made of vibra- 
tions produced during swimming by three 
crustacean species found in the diet of P. 
borchgrevinlzi: Orchomene plebs (Amphi- 
poda), Euphausza c~?ctallorophias (Euphau- 
siacea), and Euchaeta antarctzca (Calanoida) . 
Swinlrning records (made by attaching the 
animals to a force transducer) were pro- 
cessed by a spectrunl analyzer. They exhibit- 
ed distinct low-frequency peaks at 3 to 6 Hz 
attributable to the basic rate of power 
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Fig. 2. (A) Frequency response characteristics of 
lateral line aEerent fibers. Mean relative responses 
have been calculated for each vibration frequency 
for 13 fibers. Error bars indicate standard devi- 
ation. (6) Power spectra of strain gauge output 
attached to  a swimming zooplankter (plotted 
with a linear vertical scale). Each spectrum was 
derived from swimming records consisting of 5 to  
30 power stroke cycles. 

strokes, several harmonics of the base fre- system of the antarctic fish, which may be 
quency, and strong peaks between 30 and important in the close-range coordination of 
40 Hz (Fig. 2B). The basic cycle of power feeding. 
and recovery stroke and the higher frequen- 
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Disruption of the Mauna Loa Magma System by the 
1868 Hawaiian Earthquake: Geochemical Evidence 

To test whether a catastrophic earthquake could affect an active magma system, mean 
abundances (adjusted for ccolivine control") of titanium, potassium, phosphorus, 
strontium, zirconium, and niobium of historic lavas erupted from Mauna Loa 
Volcano, Hawaii, after 1868 were analyzed and were found to decrease sharply relative 
to lavas erupted before 1868. This abrupt change in lava chemistry, accompanied by a 
halved lava-production rate for Mauna Loa after 1877, is interpreted to reflect the 
disruptive effects of a magnitude 7.5 earthquake in 1868. This interpretation repre- 
sents a documentable case of changes in magmatic chemical variations initiated or 
accelerated by a major tectonic event. 

I GNEOUS PETROLOGISTS TYPICALLY AN- 

alyze and interpret chemical variations 
of volcanic rocks in terms of physico- 

chemical processes intrinsic to a given mag- 
matic system. Most investigators assume, 
implicitly or explicitly, that processes pro- 
ducing chemical changes operate gradually 
during the lifetime of that system. We pre- 
sent evidence that a catastrophic event, the 
great 1868 earthquake, may have disrupted 
the magma systeln at Mauna Loa ~ o l & o ,  
Hawaii, and affected the chernistn of its 
lavas for decades thereafter. 

Mauna Loa (Fig. l), the world's largest 
active basaltic volcano, last erupted in March 
and April 1984 (1). Earlier petrologic stud- 

ies of Mauna Loa tholeiitic basalt (2, 3) 
showed that nearly all of the major-element 
variation can be accounted for by the addi- 
tion or subtraction of olivine [called "olivrne 
control" by Powers (2)]. A few volumetri- 
cally small tholeiites are more evolved as a 
result of differentiation involving pyroxene 
and plagioclase in addition to olivine (3, 4). 
A study of 114 samples of historic Mauna 

R. I. Tilling, U.S. Gcological Sunrey, National Cmter, 
Reston, VA 22092. 
J. M. Rhodes and J. mT. Sparks, Univcrsiy of Massachu- 
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J. P. Lockwood, U.S. Gcological Sun~cy, Hawaiian 
Volcano Obsenraton., HI 96718. 
P. W. Lipman, U.S. Geological Suney, Dmver, CO 
80225. 
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1868 Events 

Fig. 1. Map showulg the fixe \olcanoes m h g  up 
the Island of Hanau, the ~nferred epicenter of the 
great 1868 earthquake, and the sltes of erupube 
acuxlt) at Mauna Loa and a a u e a  from 27 March 
to 11 Aprd 1868 Ma~ma Loa SWRZ, southwest 
nft zone, NERZ, northeast r~ft  zone, A, sumnut 
erupuon of 27 March, B, earthquake (magmtude 
7 5), 2 Aprd, E, southmest nft erupuon of 7 to 11 
Aprd Kdauea SWZ, southwest r~ft  zone, ERZ, 
east rlft zone, C, Kdauea Ilu eruptlon of 2 Aprd, D, 
southwest rtft erupuon of 2 Aprd 

Loa lava showed that most flow fields are 
remarkably homogeneous despite differ- 
ences in volume, duration of eruption, or 
vent site (5). 

By adjustment of lava chemistry to a 
constant MgO content to remove the effect 
of olivine control, Wright (3) recognized 
significant major-element differences be- 
tween time-grouped Kilauea lavas (prehis- 
toric, 18th and 19th century, and 20th 
century), but found no differences among 
similarly grouped Mauna Loa lavas. The 
validity of the MgO-adjustment procedure 
(6) appears to be well demonstrated (Fig. 2) 
by two 1868 lava samples, a "normal" tho- 
leiite (W-A-7) and an olivine-rich picrite 
(1868ML), which span the greatest range in 
MgO content (raw data) of any of the 
Mama Loa flows. Some later investigators, 
although recognizing small but significant 
temporal variations in MgO-adjusted in- 
compatible-element abundances, empha- 
sized the lack of major changes in MgO- 
adjusted compositional characteristics 
throughout more than 31,000 years ofMau- 
na Loa's eruptive history (7). These episodic 
fluctuations in lava composition have been 
interpreted to result from diverse magma- 
mixing processes or a highly heterogeneous 
mantle source (or both) rather than from 
partial melting or magma differentiation 
mechanisms (8, 9). 

Some recent studies (10, 111, however, 
suggest that variations in chemical composj- 

tlon of Mauna Loa lava may also define a 
subtle but svstematlc temporal trend MgO- 
adjusted mean abundances of the ollvlne- 
lncompat~ble elements tend to decrease w ~ t h  
tlme Although some of the observed d~ffer- 
ences In mean composltlon of the tlme- 
grouped Mauna Loa lavas are wlthln analyt- 
ical uncertalnnr (Table l ) ,  these mlnor dif- 
ferences are nonrandom and cannot be as- 
crlbed to possible b~as Introduced bv 
laboratoni procedures (1 0, 11) 

Although the stat~stlcal valldity of the 
apparent long-term variation trend for Mau- 
na Loa lava needs to be tested wlth larger 
sample populations, the existence of a sharp 
com~os~tional break between the lavas of 
186i and 1880 is clear (Figs. 3 and 4). This 
"sudden drop between 1868 and 1880" was 
earlier cons~dered as part of the "ep~sodlc 
varlat~on" for Mauna Loa lavas (7) We 
Interpret thls compos~t~onal break as reflect- 
lng the possible dlsrupt~on of the Mauna 
Loa magma system by the great 1868 earth- 
quake (12); such a possible disruption 1s 
~ndependentlv suggested by Lockwood and 
Llpman (13) on the basis of an abrupt 
decrease In lava-production rate after 1877. 

Our lnterpretatlon 1s predicated on the 
compositional variations wlth time shown in 
Figs. 3 and 4. The data of Rhodes (5), 
which represent the MgO-adjusted mean 
values of 3 to 12 samples for each eruption, 
exhibit striking parallelism in variatidns of 
the olivine-incompatible elements, even for 
small changes (for example, between the 
1949 and 1950 eruptions). Values of ele- 
ments for eruptions before aid after the 
1868 earthqualie show little or no overlap. 
In addition to the variation patterns defiped 
by the trace elements strontium, zirconium, 
and niobium (Fig. 3), two sets of available 
data for the elements titanium, potassium, 
and phosphorus show similar patterns (Fig. 
4). A slight lnterlaboratory blas exists, but 
the overall agreement 1s excellent even 
though the analvses were done years apart in 
different laboratories, with different sample 
powders and analytical techniques. The 

5 3t Unadjusted " I  
1 - u  

La CeNdSmEu Dy YbLu La Ce NdSmEu Dy YbLu 

Fig. 2. Chondrite-normalized abundances of rare- 
earth elcmcnts in nvo samples of lava formed 
during a 5-day eruption of Ma~ma Loa in 1868, 
illustrating their close similarity after adjusunent 
(MgO = 7.00% by weight) (11). Sample W-A-7 
(X) is a normal tholeiite (8.84% MgO by weight) 
erupted early and sample 1868ML (0) is a picrite 
(23.64% MgO by weight) produced later in the 
same eruption. 

more extensive data of Rhodes (5) better 
express the abrupt step decrease than those 
of Wright (3), whlch mostly consist of a 
single analysis for each flow. We interpret 
the plotted curves (Figs. 3 and 4) to show: 
(I) &I abrupt step decrease in the MgO- 
adjusted mean abundances of Ti, K, P, Sr, 
Zr, and Nb following the 1868 earthquake; 
and (ii) the decades-long recovery of the 
Mama Loa magmatic system from the dis- 
ruptive effects of the earthquake, as ex- 
pressed by gradually increasing abundances 
of these elements to approach pre-earth- 
quake levels. However, other evidence (9) 
suggests that the observed compositional 
shift after 1868 may primarily represent 
only the acceleration of an already estab- 
lished trend of decreasing olivine-incompat- 
ible elements, rather th& a step decrease. 

The 1868 earthquake, centered along the 
southeast flank of Mama Loa (Fig. l), was 
the largest to strike the Island of Hawaii in 
recorded history. Estimated to have a Rich- 
ter magnitude of about 7.5 (14), the 1868 
earthquake and associated tsunami caused 
great destruction throughout the southern 
part of the island. It occurred on 2 April 
1868, shortly after a 1-day summit eruption 
of Mauna Loa on 27  March. On the same 
day, the 1868 earthquake apparently also 
triggered two small eruptions in different 

Table 1. iMgO-adjusted mean abundances (2SD) of selected olix~ne-incompatible elements m Mauna 
Loa lax as grouped according to tlme (11, table 24.20) 

Oxide or 
element 

Abundance 

Prehistoric 
(n = lo)  

19th century 20th century 
(n = 8) (n = 6) 

Percent by weight 
0.44 2 0.03 0.40 * 0.05 0.37 2 0.02 
2.16 ? 0.11 2.11 2 0.13 2.08 2 0.03 
0.24 i 0.02 0.23 2 0.02 0.21 * 0.01 

Parts per million 
10.2 2 1.5 9.4 * 1.0 8.7 2 0.4 
25.8 * 4.7 24.6 * 2.3 21.8 2 2.2 
17.6 * 2.2 17.1 2 1.4 16.7 2 0.5 
4.68 * 0.48 4.66 * 0.19 4.45 2 0.26 
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Fig. 3. The MgO-adjusted mean abundances of 
the ol~kine-~ncon~patible trace elements Sr, Zr, 
and Nb 111 the historic Mauna Loa laias The 
plotted points are calculated from a\ erage compo- 
sitlons glven bv Rhodes (5) (114 analkses total), 
unless stated othenv~se, a 1 S1) error falls w ~ t h ~ n  
the plotted points The discontinu~tv shown be 
meen the eruptions of 1868 and 1880 is Inter 
preted to be an effect of the 1868 earthquake 

parts of neighboring Kilauea Volcano (Fig. 
1) and a 100-m subsidence of the floor of 
Kilauea caldera. 

On 7 April, eruption began in the south- 
west rift zone of kauna coa, marking the 
first historic activity in that sector of the 
\~olcano. The first lava erupted was charac- 
terized by moderate MgO content [-9% 
MgO by weight, according to Khodes (5)]; 
later, lavas were distinctly picritic (-20% 
MgO by weight), containing abundant oliv- 
ine phenocqrsts. The eruptive fissure was 
localized at the lowest elevation (600 to 900 
m) of any historic vent, in a segment of the 
southwest rift in which no major eruption 
had occurred for thousands of years. ~ h ~ a r -  
ently the 1868 earthquake opened up a 
lower part of the rift zone and reestablished 
magmatic communication with Mauna 
~ o > s  summit that had been blocked a long 
time (15). 

The eruptive activity, which ended on 11 
Apr~l 1868, is interpreted to have successi\~e- 
ly tapped the upper part (with normal oli- 

Fig. 4. The MgO-adjusted mean abundances of 
the olivine-incompatible elements Ti, K, and P 
(expressed as oxides) in the historic ,Mauna Loa 
lavas, calculated from the data of Rhodes (5) (Q), 
Wright (3) (+), and Lochvood er al. (I) (A).  
Unless stated othenvise, the I-S11 error falls 
within plotted points. The variation patterns, 
including the presumed earthquake-induced dis- 
continuity, mimic those in Fig. 3. 

vine content) and then the lower part (oli- 
vine-rich) of a magma resewoir that was 
zoned as a result of olivine settling (15). 
Mauna Loa's magma resenroir may have 
been substantially drained by the 1868 erup- 
tion and earthquake, as suggested by major 
collapse of the summit caldera during or 
shortly after 1868 (13). Such an interpreta- 
tion is compatible with the fact that the 
aLerage la\ a-production rate for Mauna Loa 
after 1877 1s less than half that before 1877 
(Fig 5 )  The relati\ elv small erupted \ ol~une 
(subaer~al and below-sea nearshore) of the 
1868 actl\lnT, onlv about 130 x 106 m3 
(13), implies that the magma stored In the 
reservoir before 1868 drained bv leakage 
into subsurface parts of the southwest rift 
zone or possibly by undetectable eruption 111 
the deep submarine extension of the r ~ f t  
zone, o r  both. 

We propose the following scenario to 
account for our observations. (i) The 1868 
earthquake disrupted the magma system at 
Mauna Loa, permitting the tapping of the 
lower (olivine-rich) part of the shallohi~ 
zoned magma reservoir during the 1868 
eruption. The summit resenroir and supply- 
ing conduit system was largely emptied dur- 
ing or shortly after the activity, presumably 
by massive leakage into the earthquake- 
shattered southwest rift zone, because the 
\~olume of lava erupted is far too small to 
drain the reservoir. (ii) The lavas erupted 
during the nvo decades follo\iling the 1868 
earthquake were the most depleted in in- 
compatible elements, suggesting derivation 
from magmas that had recently arrived from 
the mantle-source region and had spent little 
or no time in the intermediate-level reser- 
voirs to permit mixing or fract~onation be- 
fore storage in, and eruption from, the 
shallow reservoir. (iii) The 1899 and later 
eruptions successively produced lavas some- 
what more enriched in incompatible ele- 
ments, suggesting a gradual, decades-long 
recovery of the disrupted Mauna Loa mag- 
ma supply system from the 1868 earth- 
quake, as "normal" communication was re- 
established between the magma-source re- 
gions and shallower storage zones. If the 
postulated long-term trend of decreasing 
incompatible elements with time for Mauna 
Loa 1ai.a (1 0, 11 ) is confirmed, this recovey 
process can be taken to indicate a reap- 
proach to the long-term trend following a 
short-term perturbation caused by the 1868 
earthquake 

The data on la\a chemistry suggest that 
Mauna Loa's magma svstem is reco\ering 
from the 1868 earthquake, but the data for 
la\ a-product~on rate since 1877 do not This 
apparent noncorrespondence is not under- 
stood, but we offer two explanations, both 
speculative. F~rst, while the balance benveen 

Fig. 5. Lavaproduction rate for Mauna Loa 
Volcano decreases by more than a factor after 
1877 [modified from Lochood  and Lipman (13, 
figure 7)]. The change in lava-production rate is 
interpreted as another effect of the 1868 earth- 
quake. 

magma supply and magma storage has been 
largely restored, the part of the system link- 
ing the shallow resenroir and the surface 
remains out of balance. Alternatively, the 
intermediate and higher parts of the system 
have reestablished balance, but the supply 
rate of magma from the mantle-source re- 
gion decreased after 1877. The latter pro- 
posal is compatible with the "hot spot" 
hypothesis for Hawaiian volcanism (16), 
according to which Mauna Loa's lava pro- 
duction should diminish with time and ulti- 
mately cease as continued, relative, north- 
hi~estward movement of the Pacific Plate 
progressively carries the \~olcano away from 
its magma source over the fixed hot spot. 

Our results provide a documented case of 
a violent tectonic event upsetting the deli- 
cate balance of Mauna Loa's magma system, 
as reflected in its lava chemistnr and lava- 
production rate for decades afterward. 
Changes in magma chemistry need not be 
gradual and could be initiated or accelerated 
by a catastrophic event external to the mag- 
matic system. Such phenomena should not 
be restricted to Mauna Loa Volcano, even 
though for other magma systems the task of 
recognizing earthquake-induced variations 
in the composition of igneous suites may be 
formidable. Dynamic changes in the magma 
regime of neighboring Kilauea Volcano 
have been attributed to the magnitude 7.2 
Kalapana earthquake in 1975 (la and to 
the magnitude 6.2 Honomu earthquake in 
1973 (18). Whether or not the effect of 
these earthquakes is also evident in Kilauea 
lava has not been evaluated. 
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Oxygen Supersaturation in the Ocean: 
Biological Versus Physical Contributions 

A method based on measurements of dissolved molecular nitrogen, molecular oxygen, 
and argon can distinguish biological from physical contributions to oxygen supersatu- 
ration in the ocean. The derived values of biological O2 production can be used as a 
check on estimates of total organic productivity measured by instantaneous rates of 
carbon-14 assimilation. Application to the shallow summer O2 maxima in the North 
Pacific gyres shows that about 72% of the O2 supersaturation maximum at 28ON and 
about 86% of the maximum at 40°N are due to net photosynthetic production. 

T HE MAGNITUDE OF PRIMARY PRO- 

duction in the world oceans is con- 
troversial because of uncertainties in 

the methods of estimating productivity in 
the sea (1,2). Central to this problem is the 
comparison of organic pro&ctivity, mea- 
sured by means of instantaneous I4C uptake, 
with seasonal data on accumulation rates of 
dissolved oxygen below the surface mixed 
layer, and central to that comparison is a 
knowledge of the relative proportions of 
physical and biological contributions to oxy- 
gen supersaturation. We discuss here the 
development of the subsurface dissolved 

Table 1. N2, 0 2 ,  and Ar saturation anomalies ( A )  
for air injection and postequilibration potential 
temperature changes in seawater at 15°C and a 
salinity of 34 per mil. Row 3 gives the anomalies 
resulting from mixing equal parts of 10°C, 34.5 
per mil and 20°C, 35 per mil seawater. Row 4 
compares the products of Bunsen solubility coeffi- 
cients and molecular diffusion coefficients for NZ 
and O2 in seawater at 22"C, to the same product 
for Ar (10). Solubility equations of Weiss (11) are 
used throughout. 

Process N2 0 2  Ar 

Air injection 7.67% 3.75% 3.42% 
( 1  d k g )  

AT = 1°C 1.79% 2.00% 2.01% 
Mixing (10" + 0.86% 0.98% 0.94% 

20") 

molecular oxygen (02) maximum in the 
North Pacific gyre during summer. Reid (3) 
explained this maximum and its attendant 
0 2  supersaturation as a virtual effect caused 
by loss of 0 2  from surface water by warming 
and gas exchange, leaving an induced 0 2  

maximum below. Shulenberger and Reid 
(4) later pointed out that these processes 
cannot account for the actual 0 2  supersatu- 
ration and proposed that the major cause is 
photosynthetic production of 0 2  below the 
base of the shallow mixed layer. They also 
concluded that productivity measured by 
I4C uptake in these waters was much lower 
than values derived from 0 2  production 
rates, thereby initiating a debate that has 
continued with vigor (5-9). 

We describe here a technique for precise 
determination of biological and physical 
contributions to 0 2  supersaturation that is 
based on the use of dissolved argon (Ar) as a 
biologically inert surrogate for oxygen. Our 
method parallels a previous similar develop- 
ment (10) for evaluating the contributions 
of air injection and hydrothermal input to 
oceanic helium concentrations based on the 
use of dissolved neon (Ne) and Ar. In the 
present work we use molecular nitrogen 
(N2) and Ar saturation anomalies to derive 
the contributions of air injection and net 
photosynthetic production to the 0 2  super- 
saturation. 

As in (lo), we write the saturation anom- 
aly for a gas as h i  = (Ci/C*i) - 1, where Ci 

is the observed concentration and C*i is the 
gas concentration at saturation equilibrium. 
The saturation anomaly is the sum of the 
effects of barometric pressure variations, 
temperature changes in the water parcel 
after atmospheric equilibration, air injection 
(by downward transport of bubbles), and, 
in the case of 02, a contribution, AJ, from 
the net photosynthetic production of 02: 

where Ap is the percentage deviation of 
barometric pressure from 1 atm during 
equilibration, AT is the potential tempera- 
ture change of the water parcel after equili- 
bration, di is the volume fraction of the gas 
in dry air, and a is the amount of injected air 
in concentration units. Although, in princi- 
ple, measurement of three conservative com- 
ponents, for example, N2, Ar, and Ne, is 
necessary to define the pressure, tempera- 
ture, and air injection contributions, the 
close similarity of Ar and 0 2  solubility pa- 
rameters allows precise evaluations of the air 
injection and Aj terms for 0 2  to be made 
from measurements on N2 and Ar. Table 1 
compares the effects of air injection and 
temperature changes on N2, 02, and Ar 
saturation anomalies, together with the su- 
persaturation in mixing due to the nonlin- 
earity of C* versus T. The effects of 0 2  and 
Ar are essentially indistinguishable for these 
processes. Also shown are the relative PiDi 
products (defined in Table 1) that govern 
the equilibration kinetics between bubbles 
and solution for the various gases (10) and 
that are also similar for 0 2  and Ar. The 
primary difference is the air injection coeffi- 
cient for N2 compared with that of Ar, 
which can be used to evaluate the injected 
air component from Eq. 1 for these two 
gases: 

a = 0.235 (AN2 - AAr) + 0.053 AT (2) 

Scripps Institution of Oceanography, University of Cali- 
fornia, San Diego, La Jolla, CA 92093. 

REPORTS 199 




