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FOREWORD 

We are proud to present this issue of Geochemical Perspectives. It relates the 
personal odyssey of Wally Broecker, from his �rst days at university to his 
viewpoint now, looking back over a panorama of 60 years in science. Through 
his broad and deep experience and his ability to think analytically, he has played 
a central role in the development of our understanding of the carbon cycle. His 
narrative tells some of the events in perhaps the most riveting geoscienti�c 
story of our generation � the discovery of the interdependency of climate and 
the oceans.

In contrast with a classical scienti�c paper, that presents the results of a 
speci�c research study, in this issue, Wally relates the process of how his ideas 
were formulated. We are led to see that the path to scienti�c discovery is paved 
with ideas and hard work but the choice of the path depends on happenstance 
(i.e. luck). In one chapter, for example, Wally recounts that his start with radio-
genic dating came from a chance encounter at a meeting of archaeologists in Los 
Angeles, which he had only attended as a last minute �ll in for his professor. 
What he learned from the ensuing �eld trips led to radiogenic dating that 
showed past water levels in Mono Lake, sea level changes in the Mississippi 
delta and the ages of uplifted coral reefs in the Barbados. From these snapshots, 
Wally correlated the water level �uctuations to the orbital cycles of the Earth. 
His chance encounter made huge ripples through his life and the development 
of our science.
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Over our careers, we have heard Wally giving talks on past climates, 
ocean circulation and more recently, CO2. We have heard his probing questions 
at our talks or those of others and we have read the papers he has coauthored 
with colleagues. Over the years, we learned the scienti�c story but we under-
stood very little about how the story developed. Now in this issue, we get a 
glimpse inside. How does one set out to explore something as obscure as past 
climate? How can one even begin to discover the controls on climate? Can the 
geologic record reveal climate change over millions of years? Here, Wally tells 
us some of the rest of the story.

We hope you will �nd it as enlightening as we have � about isotope ratios, 
carbon, oceans and climate � but perhaps more important, about how a scientist 
struggles after the truth.

Eric H. Oelkers and Susan L.S. Stipp
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THE CARBON CYcLE 
AND CLIMATE CHANGE : 

MEMOIRS Of  
MY 60 YEARS IN ScIENcE

  	 ABstract

This manuscript presents the development of our current understanding of how 
the oceans operate and how past climates are reconstructed from the personal 
viewpoint of the author. It begins with the application of radiocarbon dating of 
carbonate rocks to deduce past climatic conditions. Age dating of carbonate sedi-
ments and microfossils provides a history of sea level rise and fall that closely 
matches �uctuations in temperature, which in turn correspond with cyclic 
changes in the Earth�s orbit. The origins of our understanding of how ocean 
circulation can affect global climate are reviewed and the essential role of atmo-
spheric carbon-dioxide content is explored. Central to this climate link is the rate 
of CO2 �ux between the various terrestrial reservoirs including seawater, glacial 
ice and the terrestrial biota. The manuscript concludes by describing how the 
collected knowledge about the carbon cycle provides insight into capture of CO2 
from the atmosphere with the aim of storing it and attenuating the potentially 
devastating effects of fossil fuel burning on global climate change.
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	1.	  
INtrODUctiON

I summarise here my life as a scientist. Except for two six month sabbaticals at 
Caltech and one in Heidelberg, Germany, all 60 years have been spent here at 
Lamont. I say �Lamont� because when I arrived in June 1952, it was Lamont 
Geological Observatory. It then became Lamont-Doherty Geological Observa-
tory and it is now Lamont-Doherty Earth Observatory. I am a lucky man to have 
been associated with this marvellous institution. Recently, I learned that our 
Earth science unit was ranked number one in the U.S. As far as I�m concerned, 
it has always been number one. During these 6 decades, I have published 480 
papers and written 11 books. Along the way, I have worked with 50 graduate 
students and 35 post doctoral fellows. In this issue, I relate the accomplishments 
that stand out in my mind as meritorious and that hopefully will be of interest 
to at least some of the geochemistry community. At 80, it is not clear how long it 
will be before my memory becomes a fog so I�ve put aside two months to write 
it all down. Perhaps the product will inspire some young people to follow in my 
tracks. I hope so. It has been an exciting run. I wake up each day raring to pry 
loose more of nature�s closely guarded secrets.

I con�ne this summary to my life 
as a scientist. Of course, the things I 
discuss here were intertwined with my 
home life. I helped to raise 6 children 
and now have 7 grandchildren and 5 
great grandchildren. I say �helped� 
because the giant share of the effort was 
that of my late wife, Grace. Without her 
support and understanding, my wheels 
would likely have come off, but all that 
is another story that will surely never 
be told. Since Grace�s death �ve years 
ago, with the help of my daughters and 
my second wife, Elizabeth Clark, I have 
kept on track. My spirits remain high 
and, thanks to the wonders of modern 
medicine, my health is quite good. 
I dedicate this issue to the late Paul 
Gast (Fig. 1). Not only did he steer me 
to Columbia, but he helped me through 
graduate school, and also later in life, 
directing the Lamont Geochemistry 
Group.

Ph
ot

o 
co

ur
te

sy
 o

f L
am

on
t-D

oh
er

ty
 E

ar
th

 O
bs

er
va

to
ry

 A
rc

hi
ve

s.

	 Figure 1	 The late Paul Gast, my Whea-
ton College big brother, 
fellow Columbia graduate 
student and lifelong friend. 
If it had not been for Paul, I 
surely would not have become 
a geochemist! I owe him.
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	2. 	  
WHEatON DaYs

In September of 1949, my high school buddy, Ernie Sandeen, and I drove our 
jointly owned 1934 Ford Coupe 30 miles west from our homes in Oak Park, Illi-
nois. In the rumble seat were the possessions we needed for studies at Wheaton 
College (Fig. 2). Although academically strong, students at Wheaties, as we called 
it, were immersed in Christian Fundamentalism. First off, to get admitted, you 
had to sign a pledge not to smoke, drink, dance or attend movies. Further, each 
day we were required to attend a chapel service. Grade points were deducted for 
absence. To top it off, each class began with a brief period of �devotions�. Because 
I had been brought up by parents who conducted their lives in a similar fashion, 
I was accustomed to this heavy religious overprint.

	 Figure 2	 Wheaton College�s Blanchard Hall, the scene of many of my college day pranks.

When I appeared at the college�s gymnasium to register, I found that I 
had been assigned a sophomore big brother named Paul Gast. It was his task 
to guide me through the registration process. As it turned out, this was a 
lucky match, because Paul, realising that I was hopelessly naïve about matters 
academic, became my self appointed career counsellor. Although we moved 
in quite different circles (he, a serious academic, and I, a do what you have to 
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student), Wheaties had only 1,600 students, so we ran into each other now and 
then. As will become clear, these encounters ultimately led me to a career in 
isotope geochemistry at Columbia University.

Although I don�t remember all that much about my three years at Wheaton, 
a few high points remain �xed in my mind. I was fortunate to have truly 
outstanding teachers in key classes. George Bate taught me basic physics. Peri-
odically, he gave us what he called �bear problems.� To do them, while a struggle, 
for the �rst time in my life presented a serious challenge. Rather than coasting 
along, I had to dig in and think deeply. More than anything else, these problem 
sets turned me toward a career in science. Angelline Brandt taught my calculus 
class. Unheard of today, it was held at 7:30 a.m. but she made her subject live. 
Each morning, I eagerly jumped out of bed and went through the often frigid 
Illinois cold to attend her class. By the end of the year, I had a solid understanding 
of this important subject.

Lacking many of the outlets characteristic of college life, my free time was 
�lled with sports and pranks. Because I never amounted to much in the former, 
I don�t have memories worth relating but I was a �rst class prankster so I will 
take a few paragraphs to relate a couple of my favourites. I do this because the 
inventiveness I pored into my college day pranks became the substance of my 
career as a scientist.

During the time I was at Wheaton College, its main library was housed in 
what was once the women�s gymnasium. The tables at which we studied faced a 
vertical array of stacks in which the books were stored. Sitting at a desk located 
just in front of this archive was a stern faced librarian. Miss Ball not only served 
as guardian of our collection, she also as disciplinarian of those who entered 
her kingdom. To say the least, she was not well liked so I decided to send her a 
reminder that she was not, after all, in total control. With the help of roommate 
Ernie, I placed an open topped box of moth balls on the �oor of the highest level 
in the stacks directly above Miss Ball�s desk. A string attached to the bottom of 
the box was looped over the guard rail and then passed along the �oor, out the 
window at the back of the stacks and down into the bushes below. We waited 
until Miss Ball was busy harassing a poor victim for not returning a book on time 
and we pulled on the string, tipping over the box and sending hundreds of moth 
balls raining down on Miss Ball and her desk. We continued to reel in the string 
until the empty box came through the window and fell to the ground. Perfect 
crime! Hoping to capture the perpetrator, Miss Ball sealed off the exit to the 
stacks, thereby trapping the students unlucky enough to be searching for books, 
but she had to release these innocent bystanders, when a note arrived explaining 
how the crime had been committed. Every time Miss Ball discovered yet another 
moth ball fragment, she redoubled her efforts to track down the pranksters � but 
she never succeeded.

For many years, there had been a tradition for members of the junior class 
to attempt to steal a limestone slab which served as the senior class bench. 
This was part of the high jinks which took place during what was known as 
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�activities week�. If the theft succeeded, the slab was eventually returned to its 
place. During their junior year, the class of �52 not only succeeded in carrying off 
the bench but they tossed it off a bridge into a murky river. Instead of recovering 
it, they offered to create a replacement. Rather than obtaining another lime-
stone slab, they installed a concrete bench, whose heavy base was buried several 
feet underground. It must have weighed over a ton. We, the class of �53, were 
then faced with the challenge of removing and hiding this behemoth. Realising 
that this was impossible, we decided to dig a hole big enough to tip the bench 
over on its side but this would take hours of effort and during activities week, 
groups of students would be wandering about so we decided to do it during the 
wee hours of the Thursday preceding activities week. Sure enough, we had the 
campus to ourselves. Only the night watchman made his once an hour rounds. 
John Nuckolls (who subsequently became the Director of Lawrence Livermore 
National Laboratory) served as lookout and warned us of the approach of the 
watchman. We diggers would hide behind the growing dirt pile until he was 
safely past. As dawn approached, the hole was �nally big enough to accommodate 
the bench, but try as we might, we were unable to push it over. It was stuck in 
what I later learned were the sticky clays deposited in a proglacial lake, so we 
ran and got a rope, looped it around the bench and attached one end to the �34 
Ford and the other to a second car. After initially spinning wheels, we were able 
to make traction and pull the bench over. With �rst light, the hole was �lled in 
and the ground smoothed � no more bench.

The story didn�t end here, however. By the middle of the same morning, an 
enterprising senior probed the disturbed ground with a steel rod and located the 
missing bench. The Dean intervened and threatened to cancel activities week if 
the guilty parties didn�t replace the bench. Faced with this threat, we developed a 
plan. At that time, the foundation for a new building was being dug. We explained 
our dilemma to the construction boss and asked him to send over his steam 
shovel to retrieve the bench. He agreed and we set the time to correspond to the 
end of Friday�s chapel when there would be a maximum presence on campus. We 
joined the crowd to watch the resurrection of the senior bench and re�lling of 
the hole. The steam shovel operator even gingerly smoothed the ground around 
the bench. Victory for the class of �53! Defeat for the class of �52!

During my college years, I confronted my Christian roots. I had never been 
comfortable with my religion, but the fear of �burning in hell�, which had been 
instilled into me throughout my childhood, kept me in the fold. However, as I 
got older, the hypocrisy of the supposedly dedicated Christians began to take its 
toll on my acceptance. It seemed that a sizable number of so called Christians 
found it impossible to abide by the rigid way of life demanded of them, so they 
cheated � and often big time. It was a bizarre event that took place in Wheaton�s 
chapel that led to my break with Christianity. Each semester, one full week of 
our daily services was devoted to rededicating ourselves to the Lord. At the end 
of the �rst of these services, led by a guest minister, one of the students stood up 
and said that he wanted to confess his misdoings. He was followed by a second 
student and a third and soon the choir loft was �lled not only with students, but 
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also many of the faculty, awaiting their turn. The parade of confessions went on 
night and day for 72 hours. It made the Chicago newspapers and even attracted 
psychology researchers from the neighbouring University of Chicago. I was torn. 
Should I join the line? Certainly I had my own set of failings but would I be sincere 
in my confession? Or would I just be yielding to social pressure? I not only decided 
to opt out � but also that I would abandon Christianity � and I did, cold turkey.

Throughout my time at Wheaton, big brother, Paul Gast, took a continuing 
interest in me. Early in my sophomore year, he asked what I planned to do when 
I graduated. I was taken by surprise. �No idea� was my answer. �What about 
graduate school?�, he asked. I had to admit that I didn�t know anything about 
graduate school. He patiently explained that it was a continuation of one�s educa-
tion allowing specialisation in a particular area, leading to a Masters and then 
to a PhD degree. To get him off my back, I promised to ponder my future. Each 
time we met, he inquired about my progress. I would blush and admit that I 
hadn�t made any. In November of my junior year, came a turning point. Instead of 
admitting no progress, based on a magazine article I had read while waiting in my 
dentist�s of�ce, I told Paul that I was going to be an actuary. He was stunned. �Do 
you know how boring that would be?� I replied, �but I�m good at math.� A couple 
weeks later, I learned that my revelation had sparked Paul into action. He recom-
mended me to a certain J. Lawrence Kulp, a young geochemistry professor who 
carried out research at Columbia University�s Lamont Geological Observatory. To 
my surprise, I was invited for an interview during the 1951-2 Christmas break. 
So I purchased a ticket on what was then known as a �non-scheduled� airline.

My �rst plane trip was quite eventful. It left from Chicago�s Midway Airport 
headed for New York�s La Guardia. En route, we encountered severe turbu-
lence which caught the stewardess by surprise. The plane dropped leaving a tray 
of coffee in paper cups momentarily suspended in mid air. Down they came, 
creating a river in the plane�s aisle. A few minutes later, the pilot announced that 
La Guardia was fogged in so we would have to stop off for the night in Columbus, 
Ohio and hope that morning would bring better weather. Fortunately, it did and 
after a night in a motel, I arrived at La Guardia. No one was there to meet me, 
so I decided to take a taxi. The driver assured me that there was no such place as 
Palisades, New York but rather, my destination must be Palisades, New Jersey. 
Not having a street address for Lamont, he dropped me off near the Palisades 
Amusement Park. Fortunately, I had the telephone number for the lab and called 
to ask the address. The phone was answered by one of the graduate students, 
Walter Eckelmann. He chuckled and said that indeed there was a Palisades, New 
York and that he would come and rescue me. I don�t remember my interview with 
Professor Kulp but it must have gone well because he offered me a summer job. I 
returned to Wheaton, �nished out my junior year and on June 15, 1952, I arrived 
at Lamont. Little did I know that 60 years later, I would still be there, sitting at 
my desk in the Comer Building with pencil in hand, pondering the next section 
of this issue.
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	3. 	  
A PiEcE Of TEfLON

Upon my arrival at Lamont (Fig. 3a), I was assigned to help out in the radiocarbon 
counting laboratory. In those days, there were only three or four labs in the world 
conducting such analyses and all used the method developed by Willard Libby, 
the inventor of this ever so important dating tool (Libby, 1955). Professor Kulp 
explained to me that the carbon in the sample to be dated was �rst converted to 
elemental carbon black. A slurry of this carbon was then spun onto the inside 
of a stainless steel cylinder. After drying, the cylinder was placed along side an 
identical blank cylinder inside what was referred to as a screen wall radiation 
Geiger counter. The idea was to count the electrons emitted as the result of decays 
of radiocarbon atoms in the sample. The older the sample was, the smaller was 
the number of these events. The air was then pumped out of the cylinder and 
replaced with a mixture of argon and ethylene gas. The cylinder was then placed 
in a massive iron box which served as a shield against the gamma rays emitted 
by radioactive sources in the surroundings, such as 40K from bricks and concrete 
blocks (Fig. 3b). Also inside this shield surrounding the sample counter was a 
ring of permanently sealed radia-
tion detectors that acted to null 
the events created by the cosmic 
ray mesons which passed freely 
through the massive iron shield. 
Each time a meson passed through 
one of these guard ring counters, 
its electronic pulse was placed in 
anticoincidence with those from 
the sample counter. In this way, 
the meson induced events in the 
sample counter were eliminated. 
This was very important because 
the number of meson events 
greatly outnumbered those from 
radiocarbon in the sample.

In spite of these precautions, 
some additional �background� 
events not attributable to radio-
carbon were recorded. These were 
corrected for by shifting the cylin-
ders back and forth so that part of 
the time the cylinder containing 
the sample carbon faced the active 
counting area and part of the time 
the blank cylinder faced the active 
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	 Figure 3a	 Photo taken in 1953, when I reg-
istered for graduate study in 
Columbia�s Geology Department.
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counting area. This was possible 
because the outer cylinder was 
half again as long as the combined 
length of the two inner cylinders. 
Once he had explained the princi-
ples, Kulp went on to say that was 
where I �tted in. At 8 a.m., noon, 
4 p.m. and 8 p.m., someone had to 
manually shift the cylinders. From 
8 a.m. to noon, the counter recorded 
background, from noon to 4 p.m., it 
recorded sample plus background, 
from 4 p.m. to 8 p.m., background, 
and overnight, sample plus back-
ground. That someone was to be 
me. Kulp hastened to point out 
that tilting the counter to allow 
the inner cylinder to shift had to 
be done gently because if it shifted 
too rapidly and smacked against 
the end of the chamber, the sample 
carbon could be dislodged and that 
was not to happen!

I was surprised when I 
encountered George Bate, my 
physics teacher, at Lamont that 
summer. He explained that he 
had only a Masters Degree so he 
had taken a leave of absence from 
Wheaton to be able to add a PhD to 
his vitae. Paul Gast was also there, 
preparing for his �rst year in grad-
uate school at Columbia. Two other 

Wheaton graduates, Walter Eckelmann and Karl Turekian, were also doing their 
research toward PhD degrees under Kulp�s direction. The reason for the presence 
of this large Wheaton contingent became clear when I learned that Kulp was also 
a Wheaton College graduate. He made a point of latching on to promising science 
majors from his alma mater (group photo, Fig. 3c).

During a hot and very humid period in July, a serious problem developed in 
the counting lab. Electrical arcs occurred in the end seals of the counters causing 
spurious counts. The problem was associated with the Pyrex glass tubes used 
to insulate the high voltage centre wire from the metal housing in the coun-
ters. Despite careful cleaning and handling of these tubes, the arcing persisted. 
Each arc triggered the device, adding an unwanted spurious pulse. Kulp�s dating 
program stalled but he was desperate to get results so we were urged to promptly 
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	 Figure 3b	 Professor J. Lawrence Kulp insert-
ing a radiocarbon counting device 
into the massive iron radiation 
shield in the basement of Lamont 
Hall.
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solve the problem. In a corner of our cramped quarters, in a wing of what was 
once the Lamont family�s summer mansion, there was a small repair area. Passing 
by it one day, I spied a roll of Te�on insulated, high voltage wire. I cut off a piece, 
pulled the wire out and stripped off the orange silk wrap. I then cut two pieces 
of the Te�on to the length of the Pyrex tubes and trimmed the ends so that they 
looked nice. I then brought them to the counting lab and suggested that we give 
them a try as replacements for the Pyrex tubes. It was done and the problem 
went away. Kulp was delighted � and as it turned out, my career was launched.
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	 Figure 3c	 Our geochemistry group in front of Lamont Hall in 1954. Karl Turekian is at 
Kulp�s left (the only one with a tie). Bruno Giletti sits behind Kulp. George 
Bate is holding some papers. Paul Damon has his hand in his pocket. Walt 
Eckelmann sits with his knee bent up. Paul Gast was making measurements 
in Washington, D.C. Where�s Waldo?

The revelation regarding my career didn�t come, however, until the last 
day of my summer employment. I was planning to leave the next day and drive 
back to Wheaton for the start of my senior year but fate intervened. I went to 
Kulp�s of�ce to say goodbye and to thank him for an eventful summer. Out of 
the blue he said, �Wheaton has little more to offer you. You�ve taken all the basic 
science courses and they don�t have any worthwhile advanced courses. Instead, 
you should transfer to Columbia College.� I was stunned and replied �Only one 
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week remains until classes begin and I haven�t even applied�. Kulp replied, �No 
problem. Make me a list of your Wheaton courses and grades and I�ll see to it that 
you are admitted.� So that was that. Suddenly, thanks to Professor Kulp�s magic, 
I was a senior transfer student. In addition to seeing to it that Columbia accepted 
me, Professor Kulp awarded me a Research Assistantship, which not only paid 
me a modest stipend but also covered my tuition. So during my senior year, I 
commuted back and forth between Columbia�s main campus on Manhattan 
Island�s upper west side and the Lamont research campus about 15 miles away, 
on the other side of the Hudson River. I remember that my sense of direction 
was confused by the fact that the Hudson River �ows almost due south. I had 
dif�culty dispelling my intuition that east coast rivers should �ow to the east.

My senior year course work was mainly in physics but I also enrolled 
in my �rst ever geology course. It was taught by a world renowned structural 
geologist named Walter Bucher. He had a twinkle in his eye and rambled on 
with a delightful German accent and as professors are known to be, he was 
absent minded. Our text book, �The Sequence of Layered Rocks� by Robert Shrock 
(Schrock, 1949) was the most boring I have ever encountered. Only with the 
help of Paul Gast, was I able to master the material. Both of us received a grade 
of B+ but when I tried to register for the second semester of Bucher�s course, I 
was told that as an undergraduate, I was not allowed to take his class. The rule 
was graduate students only, so I went to Professor Bucher and pleaded my case 
pointing out that I had already taken the �rst semester and received a respectable 
grade. He insisted, however, and told me that undergraduates were incapable of 
understanding his material. So I asked Larry (as I then called him) to intervene. 
He did and Bucher begrudgingly let me in. However, at the end of the semester, 
he proved his point by giving me a C-. Paul Gast, whom I studied with, received 
a B+.

In those days, it was important to be elected to the Phi Beta Kappa National 
Honor Society. Except for Bucher�s C-, I had close to an A average. Needless to say, 
I wasn�t elected. However, some 35 years later, the Columbia Chapter made me 
an honorary member and I received my �key�. At the induction ceremony, I was 
able to tell my sad tale about my C- in Structural Geology from Walter Bucher, 
who by then was long dead.

One last point about my Columbia days: In memory of the American Revo-
lution, when Washington�s troops had to �ee the British by swimming across the 
Harlem River, Columbia College had (and perhaps still does) a requirement that 
in order to graduate, each student must pass a test which required swimming 
a distance equal to the width of the Harlem River. As a terribly poor swimmer, 
I dreaded this test. Fortunately, my name somehow slipped through the cracks 
and I was never asked.
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	4. 	  
A LONG AGO BarBEQUE

A turning point in my young career came as the result of a change in Professor 
Kulp�s plans. He had agreed to present a paper on radiocarbon dating at the 
Great Basin Archaeological Conference to be held at the Southwest Museum in 
Los Angeles, California. At the last minute, he decided not to go and asked me 
to take his place. I jumped at the opportunity and a few days later I was airborne 
headed west. I was greeted in LA by a record heat wave. On the day of my talk, 
the temperature reached 104 °F.

I listened with interest to papers dealing with the time of arrival of humans 
in the Americas. The speakers fell into two groups. While the contingent of 
university professors were convinced 
that humans first arrived in the 
Americas at the end of the last glacia-
tion, the contingent of museum cura-
tors presented evidence for a much 
earlier arrival. As my turn to speak 
approached, thoughts of my panic 
in my Wheaton speech class came to 
mind and the sweat from my palms 
intensi�ed but once I got going, my 
fears evaporated. I knew that my grasp 
of radiocarbon dating exceeded that of 
the audience. My talk was the last in 
the morning session, so after a couple 
of questions, the audience started to 
�le out for lunch. However, a man 
wearing cowboy boots and smoking 
a cigar butt in his curved pipe 
approached the podium. He intro-
duced himself as Phil Orr (Fig. 4a). I 
distinctly remember his �rst words to 
me: �Young man, I can see that you 
know a lot about math and physics, but 
obviously you don�t know a gol darn 
thing about the Earth. Come with me 
for three weeks and I�ll change your 
life.� I was stunned but had the pres-
ence of mind to ask where he would 
take me. The answer was, to dry Lake 
Winnemucca in Nevada and to Santa 
Rosa Island off the California coast. 
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	 Figure 4a	 Picture with Phil Orr taken 
in front of the Santa Barbara 
Natural  Hi s tor y Museum, 
where he was employed as 
curator.
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Who would pay? He would cover all my expenses. Although he didn�t say it, 
he clearly wanted free radiocarbon dates at a time when it was dif�cult to even 
purchase them. I was to be his ticket.

I accepted, and the next day, we were on our way in his rickety Ford station 
wagon. After a night in a Carson City motel, we headed for Fishbone Cave. On 
the way, we passed Pyramid Lake, a jewel in the desert (Fig. 4b), and then on east 
to its sister valley where, before the building of diversion dams along the Truckee 
River, there had been a lake comparable in size to Pyramid. The water that once 
had evaporated from Lake Winnemucca, now evaporated from desert farm land. 
A paved highway took us to the north end of the dry lake bed, but from there 
to its eastern side, we followed a very rough track. The station wagon was like 
a vacuum cleaner, sucking in copious amounts of dust. Along the way, we got 
stuck in a sandy stretch and to get out, Phil had to de�ate the rear tires. Once we 
had escaped, he removed a spark plug and in its place, screwed in a long hose. 
Using engine compression, he pumped the tires back up. This, combined with the 
burlap water bag that hung from the front of the station wagon and supplied us 
with cool drinking water, I was much impressed by Phil�s desert savvy. At last, 
Phil parked and we climbed up to Fishbone Cave. It was about 50 feet deep and 
according to Orr, it had been created by wave action at a time when the lake was 
much larger than it had been when, during the 1850s, the �rst explorers arrived. 
One of Phil�s charges to me was to use radiocarbon dating to determine when 
the Winnemucca watershed last occupied the cave.

	 Figure 4b	 Pyramid Lake�s namesake, a small islet near its eastern shore formed by seepage 
from an underlying hot spring.
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Phil�s primary interest in this cave was its archaeological record. It had 
been occupied by palaeo Indians on and off for at least 8,000 years. I obtained a 
14C date of 7830 – 350 years on fragments of netting from the lowest habitation 
level (Broecker and Orr, 1958; Broecker et al., 1960c). As a budding geologist, my 
interest was in the history of the lake itself. Desert lakes, such as Pyramid and 
Winnemucca, often occupy closed basins, i.e. they have no outlet to the ocean. 
Hence, the water that enters them from rivers and direct precipitation must be 
lost by evaporation. Thus, at times of increased rainfall, for evaporation to match 
input, the lakes would have become larger. I asked Phil where we could get 
samples for 14C dating representing the time when the lake reached its maximum 
size. He told me about tufa, the calcium carbonate deposited by algae, and recom-
mended that we go to the top of Anaho Island in Pyramid Lake to collect samples. 
So, a couple of days later, one of the �sheries people ferried us out to the island. 
We climbed to near the top and found rock outcrops coated with beige coloured 
tufa several inches thick. With this experience, I began a continuing quest to 
understand the history of the climate changes that altered the hydrologic balance 
in the lakes in what is known as the Great Basin. It turns out that 56 years after 
collecting this �rst sample, I am busy using the histories of these and other of the 
world�s closed basin lakes to aid in predicting how the distribution of precipitation 
is likely to change as the world is warmed by the build up of CO2 released from 
fossil fuel. More will be said about this in a subsequent section.

After a week of collecting samples in the Pyramid�Winnemucca area, we 
drove back to the coast, this time to Santa Barbara, where Phil was employed 
as a curator in the Natural History Museum. A small oceanographic vessel from 
Scripps Institution for Oceanography awaited us. We boarded and were off on 
the second leg of my geological education. Our destination was Santa Rosa, one 
of a series of Channel Islands located off the coast of California. We arrived at a 
dock associated with a small naval base and were taken by jeep to the home of 
the island�s owner, Al Vale. It turns out that Phil Orr had exclusive archaeological 
access to the island. Vale operated a cattle ranch but Santa Rosa is a very dry place, 
so it could support only a small number of animals. The sole human occupants 
were a few ranch hands and the small staff at the navy base. Otherwise, the only 
inhabitants, other than the cattle, were wild boars left behind by the Spanish 
conquistadors and endemic foxes the size of house cats. Once again, Phil�s interest 
lay in the archaeological remains and especially those left by early man. During 
a previous trip, he had found a human arm bone on which I subsequently did a 
radiocarbon date. Phil was disappointed that my result of 10,700 14C years was 
not as old as he had hoped. Rather than pushing back the arrival of man in the 
Americas, it matched that for other early sites. It did, however, raise the question 
as to how those early human arrivals were able to cross 30 miles of often quite 
rough seas.

Also on the island, a big surprise was in store for us. Sediments, formed 
during the time of the last glacial maximum and the period of deglaciation that 
followed, were well exposed both in wave cut shoreline cliffs and in the walls 
of arroyos cut by the runoff created by infrequent but intense rain showers. It 
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was in these exposures that Phil and I searched for radiocarbon datable material 
and signs of human occupation. After many hours of looking at walls of brown, 
largely featureless silt, I spotted some large bones sticking out of one of the arroyo 
walls. I yelled for Phil to come and have a look. When he arrived, he whooped 
�You�ve found the leg bones of a dwarf mammoth.� He explained that like the 
foxes, most animals isolated on islands evolve to smaller sizes. Soon he got even 
more excited when he spotted rib bones that had the appearance of being charred. 
While the leg bones were glistening white, the rib bones were a dull black. Phil�s 
excitement stemmed from his thought that the mammoth had been killed by man 
who then barbequed its ribs. This idea seemed to �t but when my radiocarbon 
date came out 29,500 years, the credibility of this interpretation became highly 
questionable because no other evidence for human occupation of the Americas 
dating even half this age had been found. As Phil promised, this trip changed my 
life. Many of my laboratory oriented contemporaries paid only scant attention to 
�eld observations. Phil taught me their value. So unlike many of my colleagues, 
I learned to put together apples and oranges, i.e. �eld and laboratory observa-
tions. Because of experience in both domains, I could often push ahead faster 
than others so I place Phil Orr beside Paul Gast and Larry Kulp as people who 
played key roles in my development as a scientist.

	5. 	  
EspiONaGE

During my �rst year at Lamont, Professor Kulp got the idea that we should see 
if we could detect one of the A bomb �ssion products that remained airborne 
instead of being purged by rainfall. In particular, he focused on an isotope of the 
inert gas krypton, 85Kr, with a half life of about 10 years. Much of that produced 
by the Alamogordo, Hiroshima and Nagasaki A bombs (Fig. 5) would not yet 
have undergone radio decay. Further, during the seven or so years that had 
elapsed since these explosions took place, the 85Kr would have become well mixed 
throughout the atmosphere. Based on the published equivalent TNT tonnage of 
these three explosions and the �ssion yield of 85Kr, Kulp calculated that each 
litre of krypton gas should contain enough 85Kr to produce about 10 radioactive 
decay events per minute in the counters we used for 14C dating. So we purchased 
a litre of krypton from Linde Air Reduction in Buffalo, New York and I mixed it 
with ethylene as the �lling gas for our 14C counter. We were amazed when we 
recorded 8 events per minute. The next day, Kulp, who had an eye not only for 
publicity but also for government research money, took a plane to Washington 
and went to the Atomic Energy Commission to see if he could get a grant to 
continue these measurements.
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	 Figure 5	 Picture of the mushroom shaped cloud created by an above ground atomic 
bomb test.

The same afternoon, back at Lamont, two men in suits and ties asked to 
see me. They �ashed badges and announced that they were from the FBI. �Are 
you the kid who made 85Kr measurements?� I fessed up. �Well, tear up your notes 
and never say a word to anyone about what you did. And never again conduct 
such measurements!� It took us some months to �gure out why the fuss. Finally, 
we got the answer. We had stumbled on an espionage scheme. There was at that 
time great concern that the Soviet Union was close to succeeding in creating its 
own nuclear weapons. To do this, they had to make plutonium. This required 
a nuclear reactor in which controlled �ssion of 235U took place, which released 
free neutrons that reacted with 238U to upgrade it to plutonium � and of course, 
these �ssions would also produce 85Kr. When the fuel rods were processed to 
recover the plutonium, the 85Kr would escape to the atmosphere and join that 
produced by the US and British allies. Tony Turkevich, a physicist at the University 
of Chicago, realised that if we could accurately inventory the atmosphere�s 85Kr 
burden and subtract from it that produced by the allies, then any excess would 
provide a measure of Soviet plutonium production. Because I knew the facts and 
had been sworn to secrecy, I was subsequently invited to Argonne National Labo-
ratory in Naperville, Illinois, to observe how they did the 85Kr measurements. 
Jim Gray, one of the team members, was assigned to be my mentor. I followed 
him around like a puppy! I was amazed to �nd that they had dozens of counters 
and were measuring hundreds of samples each year. During the three weeks I 
was there, I was able to get information about the design of their counters and 
the associated electronic circuitry. This information was not classi�ed so I was 
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free to take it back to Lamont. It turned out to be very valuable because soon 
after my return, we set out to switch from black carbon to carbon dioxide for our 
14C measurements.

	6. 	  
AscaritE

One of the research projects that was being conducted by Kulp involved meas-
uring the amount of radiocarbon in the dissolved inorganic carbon (CO2 + 
HCO3

- + CO3
2-) contained in seawater. The primary objective was to deter-

mine the water renewal rate in the deep Atlantic Ocean. This was to be done by 
comparing the 14C to total C ratio in deep water with that in surface waters. The 

difference between these ratios could 
be converted to an isolation time. 
Assuming that the renewal rate had 
remained the same, this age could 
be converted to the renewal �ux. We 
now know that this �ux is about equal 
to the annual rainfall over the entire 
globe (i.e. 15 million cubic metres per 
second)! However, in the early 1950s, 
this f lux was poorly constrained. 
Obtaining the 50 gallons of water 
required to get enough carbon for the 
measurement presented a challenge. 
Maurice Ewing, Lamont�s Director, 
joined Kulp in this enterprise. He 
supervised the construction of the 
�rst large volume water sampler from 
an oil drum and a ship�s porthole. 
On the way down, the porthole was 
propped open, allowing the barrel to 
be �ushed. Once at the desired depth, 
a messenger weight was sent down 
the wire triggering a release that 
allowed a stretched elastic cord to pull 
the porthole shut. Subsequent genera-
tions of this device manufactured in 
Lamont�s machine shop, although 
sleeker, were patterned after Ewing�s 
original design (Fig. 6a). Because it 
was impractical to store these large 
samples of water onboard the research 
vessel, Vema (Fig. 6b), the carbon was 
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	 Figure 6a	 A Gerard barrel used to collect 
the large volumes of water 
required for radiocarbon mea-
surements by the decay count-
ing method. With the advent 
of atom counting in the mid 
1980s, the sample size was 
reduced by a factor of 1,000 
and Gerard barrels were no 
longer needed.
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extracted at sea by circulating air in a closed loop through the acidi�ed seawater. 
Acid was added to convert HCO3

- and CO3
2- ions to CO2 gas. The CO2 gas was 

removed by circulating the air around and around through a commercial solid 
absorbent called ascarite. Then small bottles containing the ascarite were shipped 
back to Lamont for the radiocarbon analyses.
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	 Figure 6b	 Vema under full sail. Over the years, the sleek yacht was modi�ed stepwise for 

more ef�cient use as a research vessel. The sails were abandoned, the bowsprit 
was removed, the deck house was raised and �nally, the masts were removed. 
This transition reminded me of a favourite childhood book Black Beauty, the 
story of a beautiful horse who fell on bad times.

Kulp was eager to publish the results that he obtained on the �rst set of 
deep Atlantic samples. Ewing was more cautious and urged Kulp to wait until they 
had con�rming results. Kulp refused and, against Ewing�s wishes, went ahead 
and published on his own. The early results indicated that the rate of renewal of 
deep waters in the Atlantic was much slower than oceanographers had estimated, 
so Kulp�s paper received considerable press attention and ultimately led to his 
receipt of a prestigious award. Kulp was busy with several other geochemistry 
projects and as a �rst year graduate student, ever more responsibility fell on me 
for the operation of the radiocarbon lab and of course any problems that arose 
became mine to �x. Among these was a serious one. In addition to samples, we 
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ran frequent blanks (in other words, carbon black prepared from radiocarbon free 
material such as ancient coal or limestone). I noticed that now and then the blank 
carbon yielded more counts than its companion blank cylinder. This stopped us 
dead in our tracks. Finally, we realised that the source of these extra counts was 
radioactive fallout from above ground nuclear testing that was being conducted 
at the faraway Nevada Test Site. Our carbon black was very absorbent so as it 
dried, it would pick up particulates from the air, including small traces of bomb 
test �ssion products.

At that time, there were reports that several labs were switching from 
measuring carbon black to measuring carbon in a gaseous form. Hans Suess, who 
directed the U.S. Geological Survey laboratory in Washington, D.C., converted 
the carbon in his samples to acetylene gas (C2H2). Realising we had to abandon 
the carbon black method, Kulp arranged for us to visit Suess to see how he gener-
ated acetylene. Soon after our arrival, Kulp excused himself to go to the men�s 
room. Left alone with this famous Austrian scientist, I couldn�t think of anything 
to say so I was relieved when he broke the silence. �Young man, too many of our 
best scientists are lost because they become administrators. It is a one way street; 
there is no return. You must in your career guard against this fate.� I asked, �How 
does one do this?� The reply was, �be a dynamic incompetent and no one will 
ask you to become an administrator!� Not knowing what a dynamic incompetent 
was, I asked. Suess replied, �at least three outrageous acts each year.� I took this 
advice and have lived by it. Except for a three year term as rotating chair person 
of our academic department, I have escaped administrative duty.

As it turns out, we did not switch to acetylene. Back to back visits by Hessel 
de Vries, the boss of a 14C lab in Groningen, Holland and by Gordon Ferguson 
from New Zealand convinced us that carbon dioxide was a better choice. Further, 
an attempt by Chuck Tucek, a chemist in our lab, to duplicate the Suess C2H2 
synthesis led to a nasty explosion which singed his eyebrows. CO2 generation 
posed no such threat.

At this time, in 1953, plans to build a building for geochemical research 
were �rming up so it was decided that we would limp along with black carbon 
until a CO2 lab had been set up in this new facility. I was given the task of 
designing the lab. The building opened in October 1954, and several months 
later, the CO2 lab was up and running. One of the �rst things I did was to check 
out one of the assumptions Kulp had made regarding the use of ascarite. He was 
aware that ascarite contained a signi�cant amount of absorbed CO2 so for every 
bottle that was sent to sea he had an aliquot analysed for its CO2 content but 
he had never measured the 14C to C ratio in this CO2. He was convinced that its 
source must be the CO2 in ambient air and correspondingly corrected the radio-
carbon measurements. Concerned that this might not be the case, I took 8 bottles 
of fresh ascarite and obtained enough CO2 for a radiocarbon measurement. I 
was shocked to �nd that instead of having the amount of radiocarbon equal to 
that in air, it had none at all. The upshot was that instead of raising the 14C to 
C ratio in the CO2 extracted from seawater, the correction for the CO2 initially 
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contained in the ascarite decreased it. So, instead of making the apparent age 
of deep Atlantic water older, the ascarite correction made it younger. When the 
proper correction was made, the deep water age came out to be only a couple 
of hundred years, instead of many hundreds of years. Hence it lay within range 
expected by oceanographers.

When I learned this, Kulp was away on vacation and hence out of contact. 
A few days later, Ewing called me in for an update on this project so I had to tell 
him about my �nding. When Kulp returned two weeks later, I urged his secretary 
to make sure that I spoke with him. She promised to try but said that he was 
fearfully busy catching up from his absence and getting ready to go to Mexico 
City for the Geological Society of America (GSA) meeting. Finally, on the day 
before he left, he stopped by the lab looking harried. �So, what�s so important?� 
he asked. I explained about the ascarite correction. He said �I can�t believe it. You 
should do it again.� I was about to say, �but Larry, there is simply no way that 
the CO2 in ascarite has the 14C content of today�s atmospheric CO2.� However, 
he was on his way out the door and that was the end of our brief conversation. A 
week later, I got another call to appear before Ewing. �Why the hell,� he shouted, 
�didn�t you tell Kulp?� I explained that I had. Ewing then told me that Kulp had, 
in his GSA talk, presented the same old results with no caveats or mention of 
the change in the ascarite correction. This incident deepened an already sizable 
rift between Ewing and Kulp. Years later, it would lead to a similar rift between 
Ewing and me.

	7. 	  
TErmiNatiONs

Part of my PhD thesis research dealt with radiocarbon dating of records extending 
back to the time of the last glacial maximum. Included were: the record of sea 
level contained in the sediments of the Mississippi River delta, the record of the 
reappearance of the planktonic foraminifera, G. menardii, in the Atlantic after an 
absence during glacial time and the record of the �uctuations in area of Nevada�s 
closed basin, Lake Lahontan. In all three of these records, I noted that a marked 
transition from glacial to interglacial conditions occurred close to 11,000 14C 
years ago. This �nding was reported in a paper entitled �Evidence for an Abrupt 
Change in Climate Close to 11,000 Years Ago,� published in 1960 (Broecker et 
al., 1960a). It was coauthored with Lamont Director, Maurice Ewing.

Time would tell that even though I had put my �nger on something very 
important, the evidence was �awed. Twenty years later, Glen Jones, a scientist at 
Woods Hole, showed that G. menardii didn�t reappear in the Atlantic until about 
6,800 years ago. Although in many Atlantic sediment cores, G. menardii shells 
�rst appeared in sediment whose age was close to 11,000 years, these shells had 
14C age of 6,800 years. Fortuitously, bioturbation had mixed them down to this 
much older level. In addition, my radiocarbon ages for algal tufas from Lahontan�s 
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highest shoreline were later shown to be too young, because of the incorpora-
tion of secondary calcite. The correct date placed them at 13,500 14C years, or 
just before the onset of the profound Błlling Allerłd warming. Finally, at the 
time, I failed to recognise that the Younger Dryas lapse back into cold conditions 
complicated the transition.

A decade later, in 1970, together with graduate student, Jon Van Donk, I 
made a point that the 18O to 16O ratio transitions marking the ends of each glacial 
cycle were quite abrupt (Fig. 7). We called these sharp transitions �Terminations� 
and numbered them I, II, III and so on, going back in time (Broecker and Donk, 
1970). However, even then, we did not appreciate the complication posed by the 
Younger Dryas relapse into cold conditions. The reason was that the 18O records 
available at that time were all from sediments that accumulated at rates of a few 
centimetres per thousand years. As a result of stirring by worms to depths of 6 
to 10 cm, core top radiocarbon ages ranged from 3 to 4 thousand years. Because 
the Błlling Allerłd-Younger Dryas oscillation had a duration of only about 3 
thousand years (Grootes and Stuiver, 1997), its presence had been obliterated 
by bioturbation in these sediment cores. It was only with the publication of 
the Camp Century ice core record (Dansgaard et al., 1969), that the importance 
of the Younger Dryas became clear. Recognising terminations was one thing; 
explaining them was quite another. They have proven to be a thorn in the �esh 
for all those who have attempted to model glacial cycles. I remember the long 
discussion John Imbrie and I had about them in a hotel room in Atlantic City, in 
the early 1970s. He had become enamoured with the pacing of glacial cycles by 
Milankovitch orbital cycles but was stumped by the sharpness of terminations. 
Years later, in the 1980s, when he was leading an effort by the Specmap group, 
he got the idea that they occurred at times when the precession and tilt cycles 
came into alignment (Imbrie et al., 1992).

I remember when Andre Berger, in a Lamont seminar, presented a model 
study in which he claimed to have solved the problem. When questioned as to 
how it was that his model so nicely produced terminations, he admitted that he 
sprinkled a dark substance on the ice sheets, changing their albedo and hence 
made them melt. The failed attempts to unify cyclic Milankovitch pacing with 
sharp terminations continued until the discovery in ice cores that steep sided 
millennial temperature changes punctuated the Milankovitch cycles and that 
some of these events were triggered by Heinrich�s ice armadas. Jerry McManus 
took a big step forward when he showed that there was a Heinrich event associ-
ated with each of the last �ve terminations (McManus et al., 1999). Clearly, ice 
armadas in the North Atlantic played a key role in bringing ice ages to a sharp 
close.

While a step forward, the McManus �nding by no means solved the problem. 
Although the trigger for Termination I was a Heinrich event, the �rst indication 
that the glaciation had come to an end was in the Southern Hemisphere. This 
suggested that the message was transmitted from the north to the south through 
the deep ocean or perhaps by a shift in the location of the westerly wind belts. 
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Okay, but what tr ig-
gered the Heinr ich 
events? Maureen Raymo 
suggested that a prereq-
uisite to creating a termi-
nation is the generation 
of a very large Northern 
Hemisphere ice sheet. 
Her evidence comes from 
the 18O record in benthic 
fora m i n i fe ra  wh ic h 
shows that terminations 
occur only after the 18O 
enrichment in the ocean 
reaches a certain level, i.e. 
the ice caps have reached 
a certain size. Heinrich 
events, which occurred at 
times when the ice caps 
were smaller, had impacts 
but they did not initiate 
terminations.

It is my feeling that 
until we understand how 
excess CO2 was stored in 
the glacial deep sea, and 
what triggered its release 
back to the atmosphere, 
we won�t be able to close 
the case. This year, a 
group led by my close 
colleagues, George Denton and Bob Anderson, published a paper in Science 
that attempted to explain terminations (Denton et al., 2010). They offered me 
coauthorship but I declined. My reason was that their argument involved shifts 
in the westerly wind belt. Although not opposed to this idea, my concern is that 
ocean atmosphere models have not succeeded in replicating the required shifts. 
Further, I�m convinced that the ocean could have done the job by itself. They got 
a bit closer to the answer but I feel that, until we understand what triggers Hein-
rich events and why, in the presence of large ice sheets, these events can in turn 
trigger a release of CO2 from the ocean, we can�t close the book on terminations. 
It�s been forty years since I coined the term, �terminations�. It might be another 
forty before we have a �rm understanding of what they involve.

	 Figure 7	 Diagram showing the 18O to 16O ratio record 
for two sediment cores from the Caribbean 
Sea. John Van Donk and I were struck by the 
asymmetrical shape of these cycles. We coined 
the description �terminations� for the rapid 
warmings (i.e. 18O decreased) that marked the 
ends of each glacial cycle (from Broecker and 
van Donk, 1970).
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	8. 	 COrNBrEaD  
aND tHE DEacON

I received my PhD degree from Columbia in 1958. Unlike several of Maurice 
Ewing�s geophysicists, who put in 5 to 10 years on the Lamont research staff 
before being offered a faculty position, once again Kulp performed his magic 
and, upon graduation, I was granted an assistant professorship in Columbia 
University�s Department of Geology. Nothing occurred during my �rst few years 
on the job that stands out in my memory so I�ll skip to 1962. Early in that year, 
John Imbrie, a fellow faculty member, asked me if I would like to join his group 
doing �eld research in the Bahamas. He had rented a house on Fraser�s Hog 
Key from Dr. Leroy Talcott, a young Miami surgeon. It was to serve as Imbrie�s 
base of operation. He had also chartered a small vessel from the Lerner Marine 
Laboratory on the island of Bimini. Never having done any �eld work involving 
the ocean, I conferred with Taro Takahashi, once a fellow graduate student who 
was at that time teaching at New York State College of Ceramics in Alfred, New 
York. In 1958, during the IGY (International Geophysical Year), he had spent 9 
months on Lamont�s ocean going research vessel, Vema, measuring the partial 
pressure of CO2 in surface water. He agreed to join me and together we developed 
a plan. I would take the lead in one project which involved measuring the radon 
gas content of the shallow bank water with an eye toward establishing the rate 
of gas transfer across the air-sea interface. Taro would direct a second project 
to establish the rate of CaCO3 deposition on the Bahama shallow banks and its 
dependence on the degree of supersaturation.

The expedition was launched from Miami. Imbrie and two of his graduate 
students would go across the Florida Straits to Bimini aboard a World War II 
landing craft (i.e. a Landing Ship Tank, LST) owned by Miami Marine. Taro and 
I would �y to Bimini and join them. When we arrived, we fully expected the 
Imbrie group to be there but they were not, nor did the port authorities know 
their whereabouts. We waited �til midnight � still no Imbrie � so, we retired to 
our motel room. The next thing I remember was Imbrie shaking me and yelling in 
my ear, �Wally, get up and rinse this radio in fresh water.� It turns out that they 
had quite a voyage. After a delayed start from Miami, they had an uneventful 
trip across the straits. As they approached Bimini, they called in to report their 
arrival. However, because of engine noise, the Bimini authorities couldn�t hear 
them so they cut the engine and were able to make their radio report but then 
the trouble began. The battery was too weak to restart the engine. The mighty 
Gulf Stream took hold and carried the LST rapidly northward. Night fell. A storm 
raged. They bailed and they prayed that their iron tub wouldn�t swamp and sink 
like a rock. Finally, their salvation appeared in the form of a huge freighter. Using 
a �ashlight, Imbrie sent an SOS.

The Russians aboard the freighter responded and after a dif�cult exchange, 
from the deck 40 feet above, down came a set of jumper cables. The engine started 
and they were able to limp back to Bimini. It turns out that their portable radio 
had received a dose of sea spray � hence, Imbrie�s early morning command.
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It was decided that Taro and I should �y across the banks to join Ross 
Horowitz, our technician, who was already there setting up our lab. The Imbrie 
group would stay behind and test their shallow water coring device to be deployed 
from the open door of the LST, but that�s another story! I�ll never forget that as 
the sea plane taxied up to the Fraser�s Hog Key dock, we saw Ross jumping up 
and down like a banshee. Has he gone mad? When we stepped onto the dock, 
we realised why Ross was so animated. It was swarming with mosquitoes. After 
shaking hands, we all ran to the Talcott house and slammed the door. Ross 
sprayed us with RAID to kill any of the mosquitoes that came in with us. We 
were amazed to �nd that Ross had converted Talcott�s hideaway into a laboratory. 
Radon extraction boards, alpha counters, liquid air, vacuum pumps, infra red 
analysers and so on �lled the living room and one of the bedrooms.

The next day, the small sea plane returned. It was to serve as our water 
sampling platform. We loaded it with 20 litre evacuated glass bottles that we had 
purchased from a spring water company. I took the copilot seat and off we went 
out over the huge Grand Bahama Bank. I would point out a place to land and 
once we had coasted to a stop and the pilot had opened the cabin door, I would 
jump into the water. Then he would lower one of the bottles in its wooden crate 
and I popped the valve allowing seawater to be sucked in. The pilot then hauled 
the �lled bottle (and me) back into the plane. Fortunately, as the plane landed 
on its belly rather than on pontoons, the cabin door was only a foot or so above 
the water.

We repeated this at �ve more locations and then headed back to Talcott�s 
dock. The whole operation took only two hours. Enduring the myriad of mosqui-
toes, we hauled the bottles inside and started extracting the radon. This involved 
circulating helium gas round and round and freezing out the extracted radon in 
a trap cooled with liquid nitrogen. Once captured, the radon was transferred to 
a small cell that was coated inside with phosphor. Each alpha particle, shot out 
from a decaying radon atom and from radon�s short lived daughter products, 
made a �ash of light when it hit the phosphor and the �ashes were recorded by 
a phototube.

To our amazement, we obtained more pulses than expected. Our idea was 
that some of the radon atoms produced in the water by the decay of its parent 
radium (226Ra) would have escaped to the overlying air. Hence, the radioactivity 
of radon in our samples was expected to be less than that of the radium dissolved 
in the water. Because radon has a half life of only 3.65 days, if the half time for 
escape to the atmosphere were, for example, also 3.65 days, then half of the radon 
would be lost and half would undergo radioactive decay in the water. The problem 
with our Bahamas measurements was that the radon content proved to be greater 
than that expected if none were lost to the atmosphere.

It didn�t take long to �gure out what was going on. Either during its resi-
dence on the banks, the water had accumulated excess dissolved radium over that 
present in open ocean surface water or radon was leaking out of the underlying 
sediments. We decided that the latter option was the more likely and checked 
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approximate and there was no way to correct for salinity decreases produced by 
rain storms. Therefore, we decided a better approach was to use the across bank 
increase in 14C to C ratio.

To do this, we would take advantage of what I refer to as John Nuckoll�s 
gift to environmental science. As you remember, John was a fellow Wheaton 
student who helped with the burial of the senior�s bench. Along with Paul Gast, 
George Bate and me, John came to Columbia for graduate school but instead 
of joining us in geology, John went into physics. After his �rst year, he disap-
peared. Only years later, did I learn that he had been recruited by Edward Teller 
at Livermore National Laboratory. When we �nally met again, Nuckolls told me 
that he was the primary architect of our �rst hydrogen bomb. He even admitted 
that he had peeked from under a lead blanket to watch his �baby� go off on the 
far side of Eniwetok Atoll. Although, thank heavens, hydrogen bombs were never 
used for their primary purpose, during H bomb tests, collisions between the 
stray neutrons and atmospheric nitrogen nuclei temporarily nearly doubled the 
amount of 14C in the atmosphere�s CO2. The passage of these extra 14C tagged 
CO2 molecules into the ocean and into the terrestrial biosphere constitutes an 
invaluable environmental tracer.

Taro and I took advantage of this tracer by measuring the across Bahama 
Bank increase in the 14C to C ratio in the dissolved inorganic carbon. This worked 
because the bank water was only 16 metres deep in contrast to the open ocean 
where the Nuckolls� 14C was stirred to depths averaging several hundred metres. 
Hence, the extent of dilution of this extra 14C on the banks was far smaller. The 
longer the water remained, the higher its 14C to C ratio became (Fig. 8, Broecker 
and Takahashi, 1966).

Unlike the radon strategy, which had back�red, our survey of the bank 
water yielded very nice results about the rate of CaCO3 formation and its depend-
ence on the product of Ca2+ and CO3

2- ion concentration. Years later, I went back 
to this study when questions arose regarding the impact of fossil fuel derived CO2 
on calci�cation by marine organisms. The fossil fuel CO2 taken up by the ocean 
would decrease its CO3

2- concentration and thus impede calci�cation. Although 
our CaCO3 study went well, we did experience a navigation problem. Our traverse 
from Fraser�s Hog Key back across the bank took about a day and a half and the 
return trip another day and a half. During this time we saw no land, so we had 
only a rough idea where we were.

At our slow pace, tidal currents distorted any estimates we made from our 
speed through the water and our compass readings. We were headed (we hoped) 
toward the northwest channel light, a marker not too far from Fraser�s Hog Key 
but because we could not see any of the low islands, our charts were of little use. 
Anyway, darkness had fallen. The Deacon was no help because he never used 
charts and said that he couldn�t read ours. Then, all of a sudden, we bounced off 
the bottom and a couple minutes later, we bounced again. The Deacon grabbed 
a pole and leaned overboard to probe the bottom. Then he uttered the word 
�Jolters� and suddenly we, the scientists, and they, the crew, were on the same 
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page because we had seen this word on our chart. It denoted a series of under-
water dunes. Clearly, we had struck on the crests of two of them. This placed 
us well to the south of our planned course. The Deacon promptly turned the 
research vessel around and gingerly retreated from danger. We decided to call 
off any remaining research objectives and to proceed back to Fraser�s Hog Key. 
Not having heard from us for three days, Imbrie was in a dither. He was relieved 
to see us arrive safely at Talcott�s dock.

	 Figure 8	 Map of Great Bahama Bank showing the locations at which measurements were 
conducted. The map on the upper left shows the salinity distribution; that on 
the upper right shows water residence times calculated from the content of 
excess bomb test radiocarbon. The map on the lower left shows the amount 
of CaCO3 precipitated from the water during its residence on the banks and 
that on the lower right shows how the rate of CaCO3 precipitation changed 
with location on the banks (after Broecker et al., 1988).
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	9. 	  
WHitiNGs

During my �ight to obtain water samples for our radon measurements, I was struck 
by the white streaks in the bank water (Fig. 9). I asked the pilot what it was. He 
replied, �It�s a whiting�. When I asked what he meant, he said that it was made up 
of tiny calcium carbonate crystals which had spontaneously precipitated from the 
bank water. When we 
got back to New York, 
I asked around and 
found that there were 
two schools of thought 
regarding the origin of 
whitings. One school 
agreed with the pilot 
that they were sponta-
neous precipitates and 
the other viewed them 
as sediment stirred up 
from the bottom.

Intrigued by the 
results of the summer 
of 1962�s survey, Taro 
and I decided to repeat 
it during the summer 
of 1963. As a result of 
an international treaty 
banning above ground 
nuclear tests, which was 
to take effect on January 
1, 1963, Russia, Great 
Britain and the U.S. 
each tested huge H bombs in the closing weeks of 1962. While we knew that 
the 14C produced by these tests had been carried up into the stratosphere, we 
also knew that much of it would be transferred down to the troposphere during 
the late spring of 1963. This would make the task of determining the isolation 
time of water on the Grand Bahama Bank much easier so we chartered the Lord 
Raleigh, a Miami Marine vessel and headed across the Florida Straits. Because of 
our interest in whitings, we brought along a continuous centrifuge. Our hope was 
that we would encounter a whiting and pass enough water through the centrifuge 
to recover about 30 grams of the suspended CaCO3 (i.e. the amount required for 
a radiocarbon analysis). If formed by spontaneous crystallisation, the 14C to C 
ratio in this CaCO3 would be equal to that in the bank water�s dissolved inorganic 
carbon. On the other hand, if it was stirred up sediment, it would have a 14C to C 
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	 Figure 9	 Air photograph showing numerous whitings in 
the shallow waters of the Bahama Banks. The 
origin of the �ne white particles that make 
up these plumes is CaCO3 sediment stirred up 
from the bottom.
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that obtained for Walker and Pyramid. As an additional check, the evasion of 
SF6 from Mono Lake, which has quite a high salt content, came out to be nearly 
the same as the rate for neighbouring Owens reservoir, which has a very low salt 
content (Wanninkhof et al., 1987).

There were three possible explanations for the much larger than expected 
increase in the 14C to C ratio in Mono Lake. One could have been a clandestine 
(and highly illegal) addition of waste 14C to the lake. Because it would have 
required many curies of 14C, this explanation seemed unlikely but not completely 
out of the question. The hospitals in New York City, for example, were at that 
time using this much 14C each year for experimental studies. However, the 14C 
in Mono Lake has continued its increase right up to the present, so it would 
have been necessary to postulate either a number of such clandestine additions 
or that the 14C was added in solid form and since then has slowly dissolved. The 
second possibility required a large enhancement of CO2 invasion relative to that 
for other gases. Such an enhancement occurs in our lungs where the relatively 
slow conversion rate of bicarbonate to CO2 gas is accelerated by several orders of 
magnitude through the activity of the catalyst, carbonic anhydrase. Leakage of 
this catalyst from the brine shrimp, which thrive in Mono�s salty waters, might 
explain the anomaly, but we have been unable to produce evidence that this 
actually happens.
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	 Figure 10b	 Exotic tufa towers along the southern side of Mono Lake. They are made of 
CaCO3 precipitated when Ca2+ rich ground waters meet CO3

2- rich lake water.

The third possibility was a very clever explanation dreamed up by Rik 
Wanninkhof. To explain the unusually large reservoir correction (i.e. 1,500 years), 
we invoked the delivery of 14C free CO2 from beneath the lake (Broecker and 
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Wanninkhof, 2007). Hot springs rich in CO2
 (and HCO3

-) dot the Sierra Nevada 
front (Fig. 10b). Seismic surveys of the sediments beneath Mono Lake reveal large 
pockets of gas. Further, the excess CO2 partial pressure observed in Mono Lake 
water is best explained by the seepage of CO2 from beneath the lake. Wanninkhof 
showed that if for some reason this seepage had recently stopped, the invasion 
of atmospheric CO2 at the rate observed for Walker and Pyramid Lakes would 
explain the increase in 14C to C ratio. When asked why this shutdown might 
have occurred, he pointed to the installation of the aqueduct which, after 1941, 
diverted the mountain streams feeding Mono Lake to supply thirsty Los Angeles. 

	 Figure 10c	 Attempts to explain the unexpectedly large buildup of 14C in Mono Lake. As 
shown on the left during the last 45 years, the excess H bomb test radiocarbon 
content of atmospheric CO2 has been decreasing as the result of uptake by 
the ocean and by terrestrial vegetation. At the same time, the 14C to C ratio 
in Mono Lake�s dissolved inorganic carbon content has been rising. On the 
right are two scenarios that could explain the unexpectedly large increase. 
The solid line is the expected trend if the CO2 exchange rate were �ve times 
that obtained from Wanninkhof�s SF6 evasion experiment. The dashed line 
is that expected if the in�ow of 14C free inorganic carbon from beneath the 
lake was shut down as a result of the interception of the streams feeding the 
lake by the Los Angeles aqueduct (after Broecker and Wanninkhof, 2007).

Perhaps in some way this diversion perturbed the ground water input beneath the 
lake and, in turn, the upwelling of CO2 rich water. Rik forti�ed his suggestion by 
showing that it could account for the shape of the increase in the 14C to C ratio 
time dependence curve as well as its magnitude (Fig. 10c). This mystery remains 
unresolved. Perhaps as time goes on and the excess 14C in the atmosphere is 
dissipated through uptake by the ocean, the shape of Mono Lake�s 14C change 
will provide a better explanation. In any case, I am proud of the 50 year long 14C 
record that I have generated for Mono Lake.
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	11. 	  
MiLaNKOVitcH

Radon was not the only radioactive daughter product of uranium that captured 
my interest. Two more of these isotopes, 230Th (half life 75,000 years) and 234U 
(half life 250,000 years) dominated my research interests during the 1960s. 
Several graduate students also made their mark. Aaron Kaufman examined the 
possibility of using these isotopes to date shells and tufas from the Great Basin 
(Kaufman and Broecker, 1965). Tehlung Ku explored their use for dating deep 
sea sediments (Ku and Broecker, 1966). Michael Bender investigated their rise 
in determining the growth rate of the manganese nodules found on the abyssal 
sea �oor (Bender et al., 1966). David Thurber demonstrated that the uranium 
dissolved in seawater had a 15% excess of 234U. Finally, Adriano Taddeucci, a 
NATO post doc from Italy, applied them for dating phenocrysts in lava �ows 
(Taddeucci et al., 1967).

It was during this period that my problems with Maurice Ewing began. 
I took a leave of absence and visited Caltech in the spring term of 1964. Chair 
person, Bob Sharp and his colleagues there wanted to lure me away from Lamont. 
They chose a good time because I was overwhelmed by my growing responsi-
bilities. Larry Kulp�s interest was rapidly shifting to Isotopes Inc., a company 
he and several of his former students had spawned. This left me with an ever 
greater responsibility for the maintenance of the sizable empire he had created 
at Lamont. I was becoming too much of an administrator. Toward the end of my 
semester at Caltech, I made it known to the people back home that I was thinking 
of leaving Columbia.

Columbia �ew me back and arranged a meeting with the provost and dean. 
Ewing was the only other Lamont person to attend. Asked what it would take to 
keep me at Columbia, I said I would consider staying only if another professor was 
added to our geochemistry group. I suggested Paul Gast, who at the time was a 
faculty member at the University of Minnesota. I explained that Kulp was splitting 
his time between Lamont and his �edgling company, thereby shifting too much 
responsibility my way. Ewing caught me totally by surprise by suggesting that 
Kulp be �red for dereliction of his Columbia duties. He asked if I agreed. I said 
�No, I do not,� and added, �while once a 16 hour a day, 6 days a week person, 
Kulp was now more like an 8 hour a day, 4 days a week person. In this regard, 
he was no different than many other Columbia professors.� Ewing glared at me. I 
could tell that he was angry and, knowing him, I realised that things would never 
again be quite the same between us but perhaps he sensed that Kulp was likely 
to leave on his own. He backed Gast�s appointment and I agreed to turn down 
Caltech�s overture. As it turned out, an internal battle for control of Isotopes Inc. 
forced Kulp to decide between remaining at Columbia or becoming the full time 
director of the company. He chose Isotopes Inc. So it was that Paul Gast and I 
came to share the direction of Lamont�s geochemistry research group.
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Soon after my return from Caltech, I received a phone call which led to 
a rekindling of my interest in palaeoclimate. It came from Robley Matthews, a 
professor at Brown University. He had learned that we were using uranium�s 
decay series isotopes to determine the ages of fossil corals and asked if we would 
determine the ages of two corals from uplifted reefs on the island of Barbados. 
When I asked why, he said that he had a grant from an oil company to study 
how rapidly the porosity of fossil corals was reduced. He went on to explain 
that, because much petroleum was stored in ancient coral reefs, knowing what 
controlled their porosity was important.

The coral from the higher of the two Barbados terraces yielded an age of 
124,000 years and for the one from the lower terrace, an age of 82,000 years (Broe-
cker et al., 1968). These ages rang a bell. They corresponded to times of prominent 
maxima in Northern Hemisphere summer insolation that had been determined 
by the Yugoslavian mathematician, Miluten Milankovitch (Fig. 11a). These shifts 
among the seasons of the proportion of the annual sunshine raining onto various 
regions of the planet are related to cyclic changes in the Earth�s orbit induced 
by the gravitational attraction by the Sun, the Moon and the major planets, 
Jupiter and Saturn. Milankovitch postulated that it was changes in Northern 
Hemisphere summer insolation that modulated the extent of glacial cover in 
Canada and Scandinavia and, in turn, the level of the sea (Milankovitch, 1998). 
Milankovitch�s hypothesis had remained highly controversial until the mid 1950s 
when Ceasare Emiliani, a post doc of Nobel Laureate Harold Urey at the Univer-
sity of Chicago, produced a palaeotemperature record based on oxygen isotope 
measurements on foraminifera shells from deep sea sediments (Emiliani, 1956; 
1957). Only when Emiliani�s records were published did the tide of opinion begin 
to swing toward pacing by orbital cycles.

When I reported the results to Matthews and told him that they matched 
two prominent summer insolation maxima, he said, �but Wally, there is a third 
coral terrace half way between these two.� So I asked him for a sample and 
the result turned out to be 107,000 years (Broecker et al., 1968). I was initially 
puzzled because the Milankovitch reconstruction had no prominent summer 
insolation peak at this time so I went back to the primary material and noted that 
Milankovitch�s insolation reconstruction was dominated by the 40,000 year cycle 
of the tilt of the Earth�s spin axis, hence the peaks at 124,000 and 82,000 years. I 
recalculated the time sequence of Northern Hemisphere insolation, giving more 
weight to the in�uence of the 20,000 year cycles associated with the precession of 
the Earth�s spin axis. In this way, I was able to produce a third peak in Northern 
Hemisphere summer insolation. It fell close to the 107,000 year date we had 
obtained on Matthew�s third coral terrace. I emphasise Northern Hemisphere 
because unlike the cycle in Earth tilt that simultaneously increases and decreases 
summer insolation at high latitudes in both hemispheres, in the case of preces-
sion, the response is antiphased between the hemispheres. Thus, not only did 
this third analysis explain why there were three coral terraces rather than two, 
it also pointed to summer insolation in the Northern Hemisphere as the driver 
(Broecker et al., 1968).
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	 Figure 11a	 Solar insolation for the last 300,000 years at a range of latitudes for the months 
of June and December. These cycles are generated by gravitational interac-
tions between the Sun, Earth, Moon and the planets, Jupiter and Saturn. In 
recognition of the �rst person to make these calculations, they are referred to 
as Milankovitch cycles. Note that following the Northern Hemisphere summer 
insolation maximum corresponding to Termination II, there are two additional 
maxima, one centred at 104,000 years ago and the other at 82,000 years ago. 
Black numbers give the solar input in calories per centimetre squared per day 
OR cm2/day (after Broecker, 2002).

These ages also demonstrated that the island of Barbados acted as a strip 
chart recorder of sea level. Tectonic uplift caused by the subduction of the Atlantic 
Ocean plate beneath the islands lifted the reefs, that formed by successive sea 
level maxima, out of the sea, allowing us to sample and date corals formed on 
them. It had been shown that along stable coastlines, such as those in Australia 
124,000 years ago, sea level stood about 5 metres higher than it does today. Thus, 
assuming that Barbados was being pushed up out of the sea at a more or less 
constant rate, and based on the elevation on Barbados, we could establish its rate 
of uplift during the last 124,000 years. Then, based on this uplift rate, we could 
reconstruct the level of the sea 82,000 and 107,000 years ago. The result came out 
that at both of these times, Barbados stood about 16 metres lower than today (Fig. 
11b). Using estimates of the volume of excess ice at the time of the last glacial 
maximum about 25,000 years ago, sea level must have stood about 120 metres 
below its present level. With this as a reference, all three of the Barbados coral 
terraces that we dated for Matthews must have formed during the time interval 
of the last interglaciation. Further, the timing of these crests in sea level was 
consistent with Milankovitch�s claim that the glaciations were paced by Northern 
Hemisphere summer insolation.
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	 Figure 11b	 The ages of three uplifted coral reefs on the 
island of Barbados have been determined by 
the 230Th method. All three fall within the last 
major interglacial interval and occur at times of 
prominent Northern Hemisphere summer insola-
tion maxima. Equivalents of the older of these 
three reefs located on geologically stable coast 
lines have crests lying about three metres above 
today�s sea level. This allows the tectonic uplift 
rate of Barbados to be determined. Based on this 
rate, the elevation of sea level at the times when 
the other two reefs formed can be reconstructed 
(after Broecker et al., 1968).

	12. 	  
MaGNEtic REVErsaLs

It was during this period that the second (and last) International Oceano-
graphic Conference took place. The �rst one had been held in 1958 at the United 
Nations Headquarters in New York City. The second was held in Moscow in 
1966. I was excited to attend and peek behind the Iron Curtain. On the third 
day of the meeting, I had planned to attend a lecture given by a Russian marine 
geologist but when I walked into the lecture hall, I saw that it was my Lamont 
colleague, Bruce Heezen (Fig. 12), who was being introduced. The chairman 
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explained that Heezen�s lecture was 
in place of the one by the Russian 
who, at the last minute, was unable 
to attend the conference. Heezen�s 
lecture discussed the discovery that 
reversals in the Earth�s magnetic �eld 
were recorded in deep sea sediments. 
Further, they were associated with 
extinctions of marine organisms.

Heezen�s projections came 
from a preprint of a paper coauthored 
by his student, Billy Glass, together 
with Lamont�s John Foster and Neil 
Opdyke. I had been given a copy 
just before I left for Moscow and had 
it in my briefcase. At the end of his 
lecture, Heezen pointed out that there 
had not been a reversal for 750,000 
years so we were due for another. He 
explained that previous reversals had 
been accompanied by extinctions of 
marine organisms so the next one 
might extinct us. This warning was 
repeated at a press conference held 
the same day and was picked up by 
newspapers and magazines across the world. As is often the case, only Heezen 
was given credit for the discovery of magnetic reversals in deep sea sediments 
and their association with extinctions of marine organisms. This created a huge 
uproar because Heezen was not an author of the paper, nor had he obtained 
permission from the authors to present their research at the Moscow meeting.

When they read the press accounts, the authors of the paper were angry 
and complained to Director Ewing that their research �ndings had been hijacked 
by Heezen. Ewing had a bone to pick with Heezen just as he had had with 
Kulp a year or two earlier. So he jumped at this opportunity and made a formal 
complaint to the University asking that Heezen�s tenure be revoked. At �rst, 
I tended to agree with Ewing but as I thought more about it, I changed my 
mind. Billy Glass, the senior author on the paper, was Heezen�s graduate student. 
This shed a somewhat different light on Heezen�s seeming theft. While clearly 
wrong, it by no means merited dismissal from the university. Further, Heezen 
was certainly one of Lamont�s most creative researchers, if not the most creative, 
so I suspected that his rising fame was a thorn in Ewing�s side. Ewing had, since 
its beginning in 1949, dominated every aspect of Lamont. Hence he resisted the 
rising in�uence of Kulp and Heezen.
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	 Figure 12	 The late Bruce Heezen, point-
ing to the Ear th girdl ing 
midocean ridge which he dis-
covered. I consider him as 
one of the top �ve scientists 
Lamont has produced.
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My concern heated up as the summer progressed and on Labour Day, it 
boiled over. I suspected that as was his habit, Ewing would be at work in his of�ce. 
I also suspected that Harriet Basset, his administrator (and gate keeper) would 
not. So, I took a chance and went to his of�ce on the second �oor of Lamont Hall. 
Sure enough, Ewing was at work and there was no gate keeper. I asked if I could 
speak with him about the Heezen situation. He said, �Okay, what about it?� I 
said that it was my opinion that while reprehensible, his actions in Moscow did 
not merit dismissal from the university and then added (big mistake), �It�s being 
carried out like a lynching.� Ewing exploded, �You lily livered bastard; you let me 
down with regard to Kulp and now you are doing the same in the case of Heezen.� 
I was stunned but had the presence of mind to remember a warning given to me 
by Chuck Drake, a Lamont colleague. �You are on Ewing�s list of irritants; I fear 
that a confrontation with him is in the of�ng. When it happens, keep your mouth 
shut because Ewing is one of the world�s greatest verbal counter punchers.� So, 
I said only, �If that�s your opinion of me I guess that I should leave Columbia.� I 
said no more. He said no more. We just sat and stared at each other. This stand 
off lasted a full 40 minutes. Finally, Ewing broke the silence and said that there 
was no need for me to leave. However, I could tell that he had written me off. I 
was now his foe. It turned out that the committee convened by Columbia�s provost 
to decide Heezen�s fate unanimously voted against his dismissal so Ewing and 
Heezen were forced to coexist at Lamont. Fortunately, I was able to steer clear of 
Ewing and thus escaped the harassment he rained on Heezen.

	13. 	  
GEOSECS

Toward the end of the 1960s, two unique opportunities arose which led me to 
temporarily abandon my desire to plunge ever more deeply into palaeoclimate. 
One was the creation by the National Science Foundation of an initiative called 
IDOE (i.e. International Decade of Ocean Exploration) and the other was an 
invitation to participate in a limnological research program being launched in 
Canada. In 1968, during a visit to Woods Hole, Henry Stommel, a legendary 
�gure in physical oceanography, took me aside and said �Wally, you guys measure 
radiocarbon here and there in the ocean, but if we are to properly use the results 
to pin down the rates of transport, we need a systematic survey along transects 
from one end of the ocean to the other.� I asked, �how many stations along each 
transect and how many depths at each station?� He replied, �50 stations and 20 
depths�. I made a quick mental calculation that each such traverse would cost at 
least a half million dollars and pointed out that those of us doing such measure-
ments operated on yearly grants of $50,000 or so. Stommel then hinted that there 
would soon be big money available at NSF to do big money research. Intrigued 
by this possibility, I nosed around a bit and learned that the National Science 
Foundation had plans to launch a multimillion dollar program under the banner 
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Bainbridge then took the next two years to assemble a group of 25 techni-
cians and to accumulate all the necessary equipment. Included were nine 200 
litre stainless steel water samplers built by a German company following the 
design created by Lamont�s Sam Gerard. Each of these so called Gerard barrels 
cost about the same amount as a Mercedes automobile. He also purchased an 
IBM computer that �lled a whole room on the ship.

Then in 1972, we were ready for the real thing. Bainbridge moved all the 
apparatus and people from California to Woods Hole where they equipped the RV 
Knorr for 9 months in the Atlantic Ocean. We agreed that the chief scientist on 
each one month duration leg would be one of the principal investigators. Derek 
Spencer took this job for the initial leg from Woods Hole to Iceland. I took over 
on the leg from Iceland to Barbados. Then Harmon Craig took command from 
Barbados to Recife, Brazil, and so forth.

A couple of events that occurred while I awaited our departure from Iceland 
remain vivid in my mind. One was that none of the Icelanders who came to the 
docks in Reykjavik could believe that such a beautiful and well equipped vessel 
could be for academic research. Instead, it was rumoured that we were doing 
some clandestine project for the CIA. The other was the Fischer-Spassky chess 
match. A few of us were able to get tickets for what turned out to be the �nal 
match. I will never forget Fischer in his maroon suit, twisting and turning in his 
specially constructed chair, and solemn Spassky never moving a muscle. When 
Spassky resigned, spectators dribbled out of the �eld house, leaving it nearly 
empty except for the group celebrating with Fischer under the balcony. On the far 
side, on a small stage, stood the table with the chess set. A plan began to build in 
my mind. I could walk casually across to the stage and snatch a pawn and then 
run to the series of emergency doors at the end of the �eld house and out into 
the streets of Reykjavik. I would head for the Knorr and, for safe keeping, drop 
the pawn into one of the Gerard barrels. I started the walk and then it hit me. 
Derek Spencer had warned me to be on especially good behaviour because I was 
to be the �rst person from the outside to serve as chief scientist aboard a Woods 
Hole Oceanographic vessel. I could see the headlines �Scientist purloins pawn!� 
So I stopped in my tracks. Forty-eight years later, I wish I had done the deed!

Our Atlantic survey proved to be a roaring success. The NSF authorised us 
for a similar survey of the Paci�c so Bainbridge moved his equipment and people 
back to Scripps and made the necessary repairs and upgrades. In 1974, we were 
off again! The �rst leg was from San Diego to Honolulu with Ray Weiss from 
Scripps in charge. I took the second leg from Hawaii to Adak in the Aleutians 
and then joined Taro Takahashi who served as chief scientist from Adak to his 
homeland, Japan. Two events broke the tedium of doing the same set of things 
at every station. The �rst was the worst storm I ever experienced. After a station 
in the Bering Sea, we headed back toward the open Paci�c. As we approached 
the Aleutian Island chain, we were hit by �erce winds and huge waves. The 
Scripps vessel, Melville (twin of WHOI�s Knorr) was powered by two �ve bladed 
cycloids, one forward and the other aft. While excellent for maneuvering in port 
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or on station, they were not particularly good for traversing open ocean waters; 
eight knots was all the Melville could do in calm seas and much less in heavy 
ones. During the storm, we made only three or four knots. The captain was pale, 
fearing the ship would come apart. Those of us who were not sick in our bunks 
desperately struggled to make sure the equipment remained secure or, at times, 
just hung on for dear life as the waves tossed the Melville about.

The other event was a side trip that Bill Reeburgh, from the University of 
Alaska, Fairbanks, and I made in a rubber raft while the Melville was on station 
midway along the traverse to Japan. Bill and I rowed a half mile from the ship to 
get a clean water sample for scientists at Exxon who were checking to see whether 
hydrocarbons were building up in open ocean surface waters so we went far 
from any oil associated with the Melville and did so without an outboard motor. 
Keeping us company were a dozen or so �gooney� birds (albatross) �oating on 
the ocean surface many hundreds of miles from any land. Awesome. We �nished 
�lling the sampling bottles and started to row back to the Melville but before we 
got very far, one of our oarlocks broke. Thanks to Bill�s very strong arms, we were 
able to struggle back � quite an experience.

Once again, I was chief scientist on the last of the Paci�c legs � Tahiti to 
San Diego. In addition to our usual tasks, we helped �lmmaker, Chick Gallagher, 
document our expedition (Fig. 13a). It eventually came out as an NSF educational 
�lm entitled �Rivers in the Sea.� Chick shared my love of pranks, so we decided 
to rechristen the Melville giving her the name of the Lamont oceanographic 
vessel, Vema. It was easy to lean over the aft rail and cover Melville with the 
word, Vema but the raised letters �Melville� located about 8 feet below the rail 
on both sides of the bow posed a challenge so at three o�clock one morning while 
underway, using his Irish charm, Gallagher diverted the attention of the mate on 
bridge watch. Meanwhile, Guy Mathieu, a Lamont scientist who conducted the 
radon measurements, crept out on the dark forward deck carrying a paint roller 
mounted on a long pole and leaned over �rst one side and then the other covering 
the raised white letters, MELVILLE, with blue ship�s paint. As we sailed into San 
Diego harbour, the covers, which hid the word VEMA along the ship�s aft rail, 
were removed. To say the least, Captain Phinney was not pleased.

Pleading a shortage of funds, the NSF denied our request for a grant to 
survey the Indian Ocean but a year later they relented and in 1978, the R. V. 
Melville left Alexandria, Egypt and passed through the Suez Canal into the last 
of the great oceans (Fig. 13b). I served as chief scientist on one of the four legs 
(from Perth, Australia to Colombo, Sri Lanka). Our arrival was on April 1, 1978. 
We had cabled the science �ction author, Arthur Clarke, inviting him to visit the 
Melville but on our arrival at the dock, the ship�s agent apologised for Clarke, 
telling us that he was busy that morning countering an April fool�s story in the 
Colombo newspaper that announced that there would be an eclipse of the Sun 
that day. Clarke was appearing on television and the radio to warn people not to 
endanger their vision by staring at the Sun. Instead of coming to see us, he invited 
us to his Colombo estate. When we arrived that afternoon, we were given a tour 
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of Clarke�s sizable estate. One of the large trees was surrounded by chicken wire 
to prevent the escape of a dozen small monkeys. Three of the walls in Arthur�s 
study were lined ceiling to �oor with books. �All of those were written by me.� In 
answer to our amazed stares, he continued �Of course, each has been translated 
into twenty or so languages and I include copies of these as well.�
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	 Figure 13a	 The GEOSECS scienti�c team aboard the R.V. Melville, enroute from Tahiti to 

San Diego. Chick Gallagher, the �lm maker, sits with his camera in his lap. To 
Gallagher�s right, leaning on the door to his radon van, is Guy Mathieu. At the 
age of 43, I looked quite different than I now do at 80. Can you pick me out?

Although GEOSECS made no astounding discoveries, our superb global 
data set became the basis for a host of subsequent research projects. I bene�ted 
greatly; it became the grist for my tome �Tracers in the Sea� which, 30 years later, 
remains the book on the geochemistry of the oceans (Broecker and Peng, 1982). It 
was self published by ELDGIO Press (an Italianised acronym for Lamont-Doherty 
Geological Observatory). The Doherty had been added to the name of our institu-
tion in recognition of a large donation to our endowment made by the Doherty 
Foundation. I went the self publication route after the editor of the publishing 
company I had dealt with decided it needed stylistic editing. I was at the time 
�ghting third stage lymphoma so I pulled the manuscript and created ELDGIO in 
order to get it printed and distributed while I was still alive. It particularly pleased 
me because of a side bene�t. I was able to place a picture of my dog peeking out 
of a life ring. The title on the picture was �Woofer, the Tracer Dog.� Published 
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in 1982 (Broecker and Peng, 1982) before the availability of computers, it gave 
the appearance of a set of old style preprints bound together and sandwiched 
between hard covers. A woman at Cambridge Press said that it would make an 
excellent doorstop but all 5,000 copies sold and offers ranging up to 450 dollars 
have been made on ebay for used copies.

	 Figure 13b	 Track map showing the locations of the 454 stations occupied as part of the 
GEOSECS program.

	14. 	  
DaViD ScHiNDLEr

The offer to join the research team at the Experimental Lakes Area (ELA) in 
Canada�s western Ontario came at just the right time. I resisted having my grad-
uate students be involved in GEOSECS because I was afraid that they would get 
wrapped up in its routine and, as a consequence, fail to develop individuality. 
In contrast, ELA was made to order for graduate student research. Most of the 
Canadians involved were biologically oriented limnologists and David Schin-
dler, the scientist in charge, realised the power of using isotopes as tracers of 
lake processes. He abandoned the old school, which was based on nonintrusive 
observations of lakes, and sought to replace it with a combination of purposeful 
manipulation and use of whole lake radio tracers. Thus, he welcomed my graduate 
students because their background nicely complemented the members of his core 
group. So while I was preoccupied with GEOSECS, my graduate students did 
their research at ELA, working closely with David Schindler.
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Before I describe what they did, a few words must be said about the ELA 
facility and David Schindler. To get to ELA, one had to drive about 50 miles east 
from Kenora, Canada. The last 25 miles were on unpaved logging roads. One 
arrived at a small group of buildings that included two labs, sleeping units and a 
mess hall. The location was on the shore of one of the 10 or so lakes set aside by 
the Canadian government for limnological research. The lakes are surrounded 
by dense forests, carpeted with thick moss. They teem with mosquitoes and 
black �ies. Rather than giving these lakes names, Schindler referred to them by 
number. For example, the lake by the camp was known as 239. I used to tease 
Schindler by bragging that I studied Lake 1, the world�s largest water body, i.e. the 
ocean. Although dif�cult to get to, the isolation had its advantages. There were 
no residents or tourists who might tamper with the instruments placed in and 
around the lakes nor was there any pollution caused by people. Further, Schindler 
had �carte blanche� permission to manipulate the lakes and to use radioisotopes.

In many ways, Schindler was made for his job: handsome, soft spoken, 
highly intelligent, physically powerful and well trained. Further, he loved the 
wilderness and sought to preserve it. Realising that eutrophication and acidi-
�cation threatened Canada�s thousands of pristine lakes, he sought practical 
means to minimise the damage generated by the addition of algal nutrients 
and acids to lakes. My �rst contact with Schindler came during the early 1970s 
when his research was focused on eutrophication (Schlinder 1971; 1974). Given 
the essential chemical ingredients (i.e. CO2, NO3 and PO4), the algae in water 
bodies �ourish. In their natural state, most lakes are oligotrophic (i.e. nutrient 
limited). Under this condition, there is plenty of O2 in the deep water to consume 
the organic debris that falls from the surface. Further, the number of algal cells 
present in the upper waters is not great enough to signi�cantly in�uence the 
water�s clarity, nor do inedible bluegreen algae proliferate, forming a surface 
scum. Such lakes are ideal habitats for �sh and for human recreation.

As the land surrounding a lake, however, becomes ever more densely 
populated, the NO3 and PO4 carried to the lake in domestic sewage and runoff 
from fertilised �elds or lawns gradually increases the algal population and eutro-
phies the lake. Water clarity drops. In some cases, the deep waters become O2 
depleted. Bluegreen algae often take over. Seeking inexpensive ways to mini-
mise eutrophication, Schindler focused his attention on the element phosphorus. 
When I �rst went to ELA, he was adding PO4 to one of the smaller lakes. He 
had found that unlike the ocean, where PO4 is very ef�ciently recycled, allowing 
it to reside in the water for tens of thousands of years before being removed to 
the sediment, in fresh water lakes, Schindler demonstrated that the phosphorus 
was removed on a time scale of a year or two (Schlinder, 1974; Schlinder and 
Fee, 1974). Schindler focused on phosphorus because unlike N and C, P cannot 
be pulled in from the overlying air. Bluegreen algae convert atmospheric N2 into 
a form they can use and if algae decrease the Pco2 in surface water below that 
in air, atmospheric CO2 spontaneously �ows into the lake. However, there is no 
equivalent way to get extra PO4.
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clear. The sides of the �rst were on average much steeper than those of the second 
lake. In other words, one lake was shaped like a tea cup and the other, like a 
soup bowl. Quay reasoned that when the interval waves in the lake resembling 
the soup bowl broke against the sediment, the friction generated was larger than 
that created when they broke against the steep sides of the tea cup shaped lake 
(Quay et al., 1980). However, by then the summer was almost over so Paul came 
back to Lamont and went on to a quite different research project. There were 
many other examples. A total of 10 graduate students did part or all of their PhD 
research with David Schindler at ELA. As I had hoped, the experiences they had 
there served them well!

Schindler convinced himself and many of his fellow limnologists that 
the key to �ghting eutrophication lay in decreasing the input of phosphorus. 

Tommy Edmondson, a 
highly respected limnol-
ogist at the University 
of Washington, was 
faced with cleaning up 
local Lake Washington. 
The problem was that 
much of the eff luent 
from sewage plants in 
the Seattle metropolitan 
area went into the lake. 
While the sewage plants 
oxidised the offending 
organic matter, there was 
no tertiary treatment so 
NO3 and PO4 were not 
removed and added 
nutrients went into the 
lake. As a result, the lake 
that once had been trans-
parent blue water had 
become highly clouded 
with algae. Edmondson 
told the town fathers that 

all they had to do to clean up the lake was to divert the ef�uent of the sewage 
plants into the nearby Paci�c Ocean. Of course, Edmondson was banking on 
Schindler�s experiments, which demonstrated that PO4 already in the lake would 
be rapidly removed. The diversion was carried out and within �ve years, the lake�s 
pristine clarity had been reestablished.

Meanwhile, Schindler was after bigger game. A considerable fraction of 
the phosphorus that entered lakes came from detergents. Schindler maintained 
that silica or some other equally inexpensive water softener could be substituted 

	 Figure 14a	 To obtain a measure of the rate of vertical 
mixing in the thermocline of a small, strongly 
stratified ELA lake, Paul Quay, a Lamont 
graduate student, added tritium. The initial 
distribution is shown by the + signs. Four 
weeks later, the tracer had spread vertically 
by only a very small amount (after Quay 
et al., 1980).
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	 Figure 14b	 Air  photo f rom Dav id 
Schindler�s research area in 
northern Ontario showing 
a dumbbell shaped lake, 
two weeks after the addi-
tion of C and N to one half 
and C, N and P to the other. 
Without P, the algae could 
not make use of the C and 
N so that water retained 
its clarity.

for phosphorus but the detergent compa-
nies were unwilling to make a change. 
The Soap and Detergent Association did 
everything it could to discredit Schin-
dler�s claims. Put simply, they played 
dirty. Frustrated, Schindler came up with 
an ingenious idea. He placed a curtain 
across the narrow neck that separated 
the two halves of a dumbbell shaped 
ELA lake. While the curtain allowed 
water to �ow from the upstream portion 
of the lake to the downstream portion, it 
prevented mixing between the two. He 
then added sugar and nitrate to the upper 
basin and sugar, nitrate and phosphate 
to the lower. After two weeks, he took 
an air photograph of the lake. While the 
upstream portion retained its pristine 
blue colour, the lower portion turned to 
green pea soup (Fig. 14b). Publication 
of this picture in Science did the trick. 
The soap and detergent people caved in, 
found a different way to make detergent 
effective and we no longer have phos-
phate in our detergent!

	15. 	  
HOw tO COOL a PLaNEt

It has been known for over a century that the Earth has experienced repeated 
glaciations. Further, shortly after this discovery was made, it was proposed that 
these glaciations were paced by cyclic changes in the Earth�s orbit. However, 
because modi�cations in the Earth�s orbital characteristics do not change the 
amount of solar energy received annually at any location on the planet, but 
only its distribution among the seasons, it is dif�cult to understand how these 
modi�cations could drive glacial cycles. Could the re�ectivity of the glaciers 
themselves be responsible for the 5 °C or so of glacial cooling of the Earth or is 
something else needed?

The prime candidate for the something else was the atmosphere�s CO2 
content. Perhaps it underwent sizable ups and downs in synchrony with the 
glacial cycles. The CO2 molecules in the ocean-atmosphere system are replaced 
on a time scale comparable to the length of a glacial cycle so the amount of CO2 
present in the atmosphere is susceptible to change on this time scale. However, 
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and even as late as 1980, no method existed for determining whether the content 
in the atmosphere of this powerful greenhouse gas was substantially different 
during times of peak glaciation than now.

Then, during the late 1960s, borings were made through the icecaps in both 
Antarctica and Greenland. The ice was shown to contain a sizable amount of air 
trapped in bubbles. I remember attending a meeting held in Grenoble, France, in 
the late 1970s, at which the �rst attempt to measure the CO2 content of the air in 
these bubbles was reported. I came away discouraged because the measurements 
showed that the air extracted from the ice contained 30 times more CO2 than that 
in the atmosphere. It appeared that snow �akes were somehow able to absorb 
large amounts of CO2. Discouraged by this �nding, I began to think of possible 
indirect means of determining the amount of CO2 in the glacial atmosphere. I 
came up with the idea that the ocean�s biological pump might have been stronger 
during times of glaciation. In other words, the reduction of the CO2 content of 
surface ocean water resulting from photosynthesis, coupled with settling into the 
deep ocean of a portion of organic matter that had formed, was greater during 
glacial time than now. Such a strengthening would have occurred if the ocean�s 
inventory of the nutrients needed for plant growth (i.e. NO3 and PO4) was larger 
during glacial time.

Of course, in order to make use of this idea, there had to be a way to 
determine the strength of the biologic pump. Fortunately, there was a proxy 
that seemed made to order for this task. It was the ratio of 13C to 12C contained 
in the CaCO3 shells of planktonic (i.e. surface dwelling) and benthic (bottom 
dwelling) foraminifera. The key to the proxy was the fractionation of carbon 
isotopes that occurs during photosynthesis. Plants use isotopically light 12CO2 in 
slight preference to the heavier 13CO2. Hence, organic remains that fall from the 
sunlit surface waters into the deep sea deplete surface water carbon species in 12C 
slightly more than they do in 13C. This results in an enrichment of 13C relative 
to 12C in surface waters relative to deep water. This difference is recorded in the 
foraminifera shells preserved in deep sea sediments. Planktonic organisms record 
the 13C to 12C in surface water and benthic organisms record this ratio in deep 
water. Hence, I reasoned that if the biologic pump were stronger during glacial 
time, then the planktonic-benthic difference in carbon isotope ratios would have 
been larger than today�s.

At that time, there was only one published set of carbon isotope ratio meas-
urements on coexisting planktonic and benthic foraminifera shells that extended 
back through the most recent glaciation cycle. Nicholas Shackleton of Cambridge 
University, who pioneered measurements of oxygen and carbon isotopes in the 
shells of benthic foraminifera, produced this record with the goal of estimating 
the glacial to interglacial change in the inventory of terrestrial biomass. The idea 
was that a reduction in biomass would add 13C depleted CO2 to the ocean. Deep 
water makes up most of the ocean so this addition would be best recorded by 
benthic foraminifera. Indeed, Shackleton found evidence for a decrease of forest 
biomass during glacial time. I looked at his record through different eyes. His 
data also showed that the difference between the 13C to 12C ratio for coexisting 
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planktonic and benthic shells was larger during glacial than during interglacial 
time. Further, the direction of the change in the difference suggested that there 
was a reduction of CO2 in the glacial atmosphere (Broecker, 1982).

Then a surprise came. Two years after the initial, very discouraging, ice 
core CO2 results were reported, research groups in Grenoble, France and Bern, 
Switzerland, independently showed that these early measurements were incor-
rect. They demonstrated that air from ice formed during the Holocene contained 
an amount of CO2 close to that thought to have been present in the preindustrial 
atmosphere but it was their measurements on ice formed during peak glacial 
time that created the excitement. Instead of the 280 parts per million (ppm) CO2 
found in ice formed prior to the onset of the Industrial Revolution, both groups 
got values close to 200 ppm. When these revised ice core CO2 results appeared, I 
was poised to explain what might have caused the 30% reduction in CO2 during 
the time of the last peak in glaciation. I say �poised� because I had yet to �gure 
out a way to increase the ocean�s nutrient inventory during times of glaciation 
and reduce it again during times of interglaciation. The time interval over which 
the CO2 content rose during the interval of deglaciation (~6,000 years) was far 
shorter than the residence time of phosphorus in the ocean (~40,000 years), so 
I concluded that changes in the delivery rate of phosphorus from the continents 
could not be the cause. Rather, the nutrients had to be moved back and forth, in 
and out of some oceanic storehouse. I postulated that this storehouse was the 
continental shelves. They were �ooded during interglacial periods and laid bare 
during glacial periods. Hence 
organic matter produced by 
marine organisms living along 
continental margins would 
accumulate on the continental 
shelves during the interglacial 
stages and be eroded back into 
the sea during glacial times. 
Even though carbon itself 
was also removed, causing an 
opposing change, the impact 
of N and P removal would be 
far more important. A paper 
proposing this hypothesis was 
published in 1982, two years 
after the reports documenting 
the low glacial CO2 appeared.

While perhaps ingen-
ious, my hypothesis proved 
to have serious �aws. At the 
writing of this paper in 2011 
(i.e. 30 years later), in spite 
of other ingenious ideas and 

	 Figure 15	 CO2 and air temperature records for the 
last 400,000 years based on measure-
ments made on ice from the Vostok, 
Antarctica core. Based on newer ice 
cores, this record now extends back to 
800,000 years and there is a hope that 
it can be extended even further back in 
time (from Broecker, 2005, with permis-
sion from Eldigio Press).
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fuel CO2 were quite different, the distribution in the ocean of H bomb test 14CO2 
provided a means to constrain the other two of the unknowns (Fig. 16a). I was 
one of the �rst to use simple box models calibrated with Nuckolls 14C to estimate 
the fraction of the CO2 produced by fossil fuel that was absorbed by the ocean. 
The result came out to lie between 30 and 35%. Taken together with the 50% 
that remained in the air, this left 15 to 20% unaccounted for. Hence, the term 
�missing sink� came into use.

	 Figure 16a	 Even though the history of the excess radiocarbon produced by atmospheric H 
bomb tests (upper right panel) is quite different than that for the excess CO2 
fossil fuel burning (upper left panel), H bomb 14C can be used to constrain the 
amount of this CO2 taken up by the ocean. The key is the documentation of 
the extent of build up of H test radiocarbon in the surface ocean as measured 
as part of the GEOSECS program (lower panels) (from Broecker, 2005, with 
permission from Eldigio Press).

The only other reservoir that could be capable of taking up appreciable 
amounts of CO2 was the terrestrial biosphere. It was at about this time that 
George Woodwell shocked the geochemical community by claiming that defor-
estation rivalled fossil fuel burning in adding extra CO2 to the atmosphere 
(Houghton et al., 1998). Although Woodwell�s initial forest cutting estimate was 
shown to be far too high, the subsequent estimates still showed that forest cutting 
was delivering amounts of CO2 to the atmosphere that were somewhere in the 
range of 15 to 20%. So if the terrestrial biosphere was the missing sink, in order 
to compensate for deforestation, it would have to be taking up extra CO2 at a 
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rate comparable to that being taken up by the ocean so the argument raged. 
Ocean oriented people stood by their estimates. Biologically oriented people were 
convinced that ocean uptake was seriously underestimated.

It was not until Ralph Keeling developed a means of precisely measuring 
the O2 to N2 ratio in air that this debate was resolved to everyone�s satisfaction. 
His monitoring began in 1989, 30 years after his father began to monitor CO2 
(Keeling et al., 1996). After a decade of O2/N2 measurements, son Ralph was able 
to establish the downward trend of O2 resulting from its consumption by fossil 
fuel burning (Fig. 16b; Keeling and Garcia, 2002). Unlike CO2, the dominant O2 
reservoir is the atmosphere rather than the ocean. Hence the difference between 
the O2 consumption by fuel burning and its loss from the atmosphere was a 
direct measure of the contribution by the terrestrial biosphere. If the inventory of 

	 Figure 16b	 Son, Ralph Keeling, supplemented his father, Charles 
David Keeling�s, measurements of the increase in 
atmospheric CO2 at Mauna Loa, Hawaii with measure-
ments of the drawdown of atmospheric O2 at La Jolla, 
California (after Broecker, 2005).












































































































































