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ABSTRACT

Recent work has demonstrated that controlled pretraining experiments are a pow-
erful tool for understanding learning, reasoning, and memorization in large lan-
guage models (LLMs). However, the computational cost of pretraining presents
a significant constraint. To overcome this constraint, we propose to conduct mul-
tiple pretraining experiments simultaneously during a single training run. We
demonstrate the feasibility of this approach by conducting ten experiments dur-
ing the training of a 1.5B parameter model on 210B tokens. Although we only
train a single model, we can replicate the results from multiple previous works on
data contamination, poisoning, and memorization. We also conduct novel inves-
tigations into knowledge acquisition, mathematical reasoning, and watermarking.
For example, we dynamically update the training data until the model acquires a
particular piece of knowledge. Remarkably, the influence of the ten experiments
on the model’s training dynamics and overall performance is minimal. However,
interactions between different experiments may act as a potential confounder in
our approach. We propose to test for interactions with continual pretraining ex-
periments, finding them to be negligible in our setup. Overall, our findings suggest
that performing multiple pretraining experiments in a single training run can en-
able rigorous scientific experimentation with large models on a compute budget.

1 INTRODUCTION

Among the many approaches for studying the capabilities and limitations of large language models
(LLMs), controlled pretraining experiments are a particularly promising paradigm. In a controlled
pretraining experiment, models are trained from scratch to systematically isolate the effects of tar-
geted interventions – such as changes to the training data, model architecture, or learning objective.
The most common experimental design involves comparing two models: one trained with a specific
intervention (e.g., a certain dataset subset is present) and a control model trained without it. Recent
work employed pretraining experiments to study in-context learning (Chan et al., 2022), reasoning
(Ye et al., 2025), length-generalization (Cai et al., 2025), poisoning (Zhang et al., 2025b), safety
(O’Brien et al., 2025), and memorization (Zhang et al., 2023), to name only a few. In compari-
son with other approaches, pretraining experiments stand out for their conceptual simplicity and
scientific rigor.

Unfortunately, pretraining experiments are severely limited by the computational cost of training an
LLM. This is especially true for research projects that study individual aspects of model behavior.
In many cases, the expected insights from a single project may not be significant enough to justify
the cost of training a general-purpose model from scratch.

In this work, we propose a novel approach to overcome the computational challenges of pretraining
experiments. Instead of performing a single experiment per training run (the current standard in the
literature), we propose to conduct multiple experiments simultaneously as part of a single training
run (compare Figure 1). This approach is inspired by the multitask nature of pretraining (Caruana,
1997; Radford et al., 2019): If the model learns about many tasks at the same time, we should be al-
lowed to intervene independently and simultaneously on different tasks. The goal of our approach is
to facilitate future research, allowing researchers who study independent aspects of model behavior
to conduct their experiments within the same training run.
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Figure 1: We propose to conduct multiple independent pretraining experiments in a single
training run. Top: Previous research performs one experiment per training run, then measures
the outcome of this experiment. Bottom: In contrast, we propose to conduct multiple experiments
simultaneously during a single training run, allowing us to measure the outcomes of multiple exper-
iments while training only once.

To demonstrate feasibility, we simultaneously conduct ten different experiments during the training
of a 1.5B-parameter model (the experiments are listed in Table 1). We first validate our approach
by showing that the results from multiple previous works on memorization (Liu et al., 2025; Panda
et al., 2025), contamination (Bordt et al., 2025), poisoning (Zhang et al., 2025b), and forgetting
(Pagliardini et al., 2025) can all be replicated in this training run. Beyond replication, we showcase
the benefits of our approach with three novel pretraining experiments on knowledge acquisition,
mathematical reasoning, and training data watermarking. For example, we demonstrate how a con-
trol algorithm can dynamically adjust the frequency of factual knowledge in pretraining data to
ensure the model acquires this knowledge by the end of training. In another experiment, we show
that Gaussian watermarks can be used to audit data provenance.

A critical question in our setup is whether the experiments are independent or whether there are
interactions between the experiments, meaning that an experiment influences the outcome of another
experiment. In Section 5, we propose Continual Pretraining Dependence Testing (CPDT) as a
method to test for dependencies between experiments prior to pretraining. With this approach, we
show that the ten experiments in our training run are sufficiently independent. We also identify
known dependencies among language modeling benchmarks as suggested by prior work (Bordt
et al., 2025). Another important question is whether the presence of the experiments influences the
overall training dynamics or performance of the model. In Section 6, we show that the influence of
the experiments on the model’s training dynamics is surprisingly limited. Consequently, the change
in the model’s overall performance due to the experiments is minimal.

In summary, our main contributions are the following.1

• We propose to conduct multiple independent pretraining experiments within the same training
run, an approach that can significantly reduce the computational cost of pretraining experi-
ments.

• We replicate the results from five prior works within a single training run, demonstrating that
simultaneous experiments preserve individual experimental outcomes (Section 4.2). We fur-
ther demonstrate the utility of the approach with three experiments on knowledge acquisition,
mathematical reasoning, and training data watermarking (Section 4.1).

• We introduce Continual Pretraining Dependence Testing (CPDT), a novel method to measure
dependencies between experiments before pretraining (Section 5).

• We demonstrate that the experiments have a limited impact on the model’s training dynamics
and overall performance, which suggests that performing multiple pretraining experiments
simultaneously is highly practical. (Section 6).

1An anonymous code repository is available at https://github.com/iclr12814/code.
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2 RELATED WORK

Here, we review the most important related work. Supplement A discusses additional related work.

Pretraining Experiments. Previous work has demonstrated the benefits of controlled pretraining
experiments for the study of LLMs (Chan et al., 2022; Allen-Zhu & Li, 2023; Bordt et al., 2025;
Zhang et al., 2025b). Some experiments make significant modifications to the pretraining pipeline,
for example, training entirely on synthetic data (Chang et al., 2024; Allen-Zhu & Li, 2023; Ye
et al., 2025). Other experiments perform targeted interventions into the training setup, for example,
modifying only a small fraction of the pretraining data (Jagielski et al., 2023; Bordt et al., 2025;
Zhang et al., 2025b). This is the kind of experiment that we consider in this paper. Continual
pretraining experiments study interventions to intermediate model checkpoints, without training an
entire model from scratch (Chang et al., 2024; Bordt et al., 2025).

Understanding Model Behavior from One Training Run. Our work also contributes to a growing
effort to analyze model behavior more efficiently. Apart from controlled pretraining experiments,
there are various other approaches for linking model behaviors to training data (Wang et al., 2025b).
Data attribution methods traditionally rely on retraining tens to thousands of models (Feldman &
Zhang, 2020; Ilyas et al., 2022; Karchmer et al., 2025). However, recent work has demonstrated
that these methods can be applied to large-scale models, including LLMs, without retraining (Koh
& Liang, 2017; Park et al., 2023; Grosse et al., 2023; Ilyas & Engstrom, 2025; Wang et al., 2025a;
Ruis et al., 2025). Research on privacy and memorization asks to what degree private details of train-
ing data can be extracted from the final model. Again, privacy auditing techniques have shifted from
training thousands of shadow models (Feldman & Zhang, 2020; Carlini et al., 2022a) to more effi-
cient single-run approaches without retraining (Leemann et al., 2023; Steinke et al., 2023; Zarifzadeh
et al., 2023; Andrew et al., 2024; Pawelczyk et al., 2025; Panda et al., 2025; Zhang et al., 2025a).

Data Mixtures. Prior work on pretraining data mixtures focuses on optimizing overall performance
through data composition (Xie et al., 2023; Penedo et al., 2024; Magnusson et al., 2025), often mea-
suring data source contributions via ablation (Grattafiori et al., 2024; OLMo et al., 2025). These
studies usually optimize for aggregate benchmark performance rather than understanding how spe-
cific model behaviors arise as a function of the training data. We instead investigate how data
interventions determine individual model capabilities.

3 BACKGROUND AND METHOD

3.1 WE TRAIN OLMO-2-1B-EXP

This work is based on the OLMo 2 family of fully open language models (OLMo et al., 2025).
Specifically, we train OLMo-2-1B-Exp, a modified version of the 1.5B parameter model OLMo-2-
1B that we retrain from scratch with ten experimental modifications. OLMo-2-1B-Exp is trained
for 100.000 gradient steps on 210B tokens of OLMo-mix-1124, which is primarily DCLM-Baseline
(Li et al., 2024). For the first 90,000 gradient steps, the learning rate schedule of OLMo-2-1B-Exp
is equivalent to OLMo-2-1B. Following Hägele et al. (2024), we linearly decay the learning rate to
zero over the last 10.000 gradient steps.

In our experimental design, OLMo-2-1B serves as a baseline that is equivalent to OLMo-2-1B-Exp
along all relevant dimensions except for the experiments (details in Supplement B.1). This means
that we can compare OLMo-2-1B-Exp and OLMo-2-1B to determine the effect of the experiments
on the trained model.

3.2 WHAT ARE THE EXPERIMENTS?

During the training of OLMo-2-1B-Exp, we simultaneously perform ten experiments. The exper-
iments are designed to probe various aspects of model behavior, including reasoning, robustness,
and privacy. Except for the Gaussian Pretraining Watermarks, which add noise to the token embed-
dings, the experiments modify the model’s training data. In the knowledge acquisition experiment,
for example, we add texts that describe fictional yet realistic entities to the training data (Chang
et al., 2024). Similarly, in the benchmark contamination experiment, we contaminate the training
data with the ground-truth options of different benchmark questions (Bordt et al., 2025). We then
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Table 1: An overview of the ten experiments. First Column: The name of the experiment. Second
Column: The abbreviations used for the experiment. Third Column: The number of tokens modified
by the experiment. Fourth Column: Whether the experiment attempts to replicate previous results.
Fifth Column: Reference. Additional summary statistics are in Supplement Table 5.

Experiment Abbreviation Modified Tokens Replication Reference

Knowledge Acquisition KA 26M Cao et al. (2024)
Mathematical Reasoning MR 180M Ye et al. (2025)
Benchmark Contamination BC 106M Yes Bordt et al. (2025)
Memorization Patterns MemP 246M Yes Panda et al. (2025)
Verbatim Memorization MemV 1.1B Yes Liu et al. (2025)
Gaussian Watermarks GW 209.7M Pawelczyk et al. (2025)
Pretraining Poisoning PP 235M Yes Zhang et al. (2025b)
Forgetting Curves FC 19M Yes Pagliardini et al. (2025)
Muse-News MUSE 152M Shi et al. (2024)
IID Replacements IID 1.5B –

= Learning and Generalization = Memorization and Privacy = Forgetting and Unlearning

measure how much the model’s behavior changes on tasks closely related to the experimental modi-
fications. In the knowledge acquisition experiment, we measure the model’s ability to answer factual
questions about the respective fictitious entities. In the benchmark contamination experiment, we
measure the amount of benchmark overfitting due to the contamination. Unless otherwise noted, the
data from the experiments is uniformly distributed, replacing the original pretraining data.

Table 1 provides an overview of the ten experiments. Together, the experiments modify 3.7B tokens
or 1.8% of the pretraining data. Five of the experiments are designed as replications, closely fol-
lowing the methodologies of previous work. Due to the large number of experiments, the detailed
design and evaluation of the experiments is deferred to the supplement. Specifically, Supplement E
provides a detailed description of each experiment.

4 RESULTS FROM TRAINING OLMO-2-1B-EXP

In this section, we discuss key results from the experiments. Our goal is to illustrate the large number
of results that can be obtained in a single training run. We first discuss three novel experiments on
knowledge acquisition, reasoning, and watermarks (Section 4.1). We then discuss the results from
the replications (Section 4.2). Supplement E provides additional results from the experiments.

4.1 THREE NOVEL PRETRAINING EXPERIMENTS

Knowledge Acquisition. We explore a novel method to adjust the frequency of factual knowledge
in the pretraining data to ensure the model acquires the knowledge by the end of training. (Chang
et al., 2024; Cao et al., 2024; Kim et al., 2025). This setup allows us to empirically address an im-
portant research question: How often does the model need to see a given piece of knowledge during
pretraining to acquire it? Instead of specifying fixed rates at which the knowledge is inserted during
training (this would be the standard approach in the current literature), we employ a control algo-
rithm to dynamically update the frequency of factual knowledge in the pretraining data so that the
value of a knowledge probe remains close to a desired target. Concretely, every 1000 gradient steps
during the training of OLMo-2-1B-Exp, Supplement Algorithm 1 evaluates the current likelihood
of the knowledge under the model and adjusts the future training data accordingly.

Does OLMo-2-1B-Exp acquire the knowledge over the course of training? Figure 2a depicts the
development of the likelihood of the knowledge probe. The figure also depicts the control target,
which specifies how the value of the probe should evolve during training. From Figure 2a, we
observe that the control algorithm effectively maintains the value of the knowledge probe close to
the desired target. Consequently, at the end of training, the model has successfully acquired the
relevant knowledge: The final value of the knowledge probe is 0.05 (target 0.08), and the zero-shot
accuracy of correctly answering relevant factual questions is 25%.

4
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Figure 2: Results of the three novel experiments. (a): Algorithm 1 successfully maintains the
value of the knowledge probe (blue) close to the control target (gray). (b): OLMo-2-1B-Exp exhibits
a small degree of length-generalization to complex mathematical reasoning problems. (c): Gaussian
Pretraining Watermarks are detectable over the course of training.

Mathematical Reasoning. We study the reasoning capabilities of OLMo-2-1B-Exp on grade-
school math reasoning problems (Ye et al., 2025). The research question is: How much does the
reasoning performance of a model improve if it is exposed to a limited amount of reasoning prob-
lems during pretraining? To investigate this question, we replace 0.09% of the training data of
OLMo-2-1B-Exp with synthetic reasoning problems from Ye et al. (2025).

Figure 2b depicts the few-shot test accuracies of OLMo-2-1B and OLMo-2-1B-Exp on the respective
reasoning problems. The difficulty of a problem is given by the number of reasoning steps that are
required to solve the problem (depicted on the x-axis in Figure 2b). From Figure 2b, we see that
exposure to the reasoning problems during pretraining significantly improves the performance of the
model. What is more, OLMo-2-1B-Exp exhibits a small but statistically significant degree of length
generalization to problems that are more difficult than those that were seen during training. This
is not due to shortcuts: In Supplement Figure 11, we provide an example where OLMo-2-1B-Exp
generates the optimal solution for a problem that requires 11 steps. Interestingly, this behavior is
similar to what was observed for GPT-2 models that were exclusively trained on grade-school math
reasoning problems (Ye et al., 2025).

Gaussian Watermarks. We aim to determine the reliability of Gaussian watermarks for privacy
evaluation in LLM pretraining. To this end, we adapt the Gaussian Unlearning Score (Pawelczyk
et al., 2025), allowing us to directly address the question: To what extent can Gaussian watermarks
serve as a reliable method for membership inference and privacy evaluation in the pretraining phase
of LLMs? The method involves adding Gaussian noise to the input embeddings of a subset of the
pretraining data. The noise serves a dual purpose: it acts as a watermark for the training data and
gives rise to suitable test statistics for membership inference. The core principle is a statistical
hypothesis test where the dot product of the Gaussian watermark and the gradient with respect to
the clean input embedding serves as the test statistic. The details of this test statistic are described
in Supplement E.6.

Figure 2c depicts the detectability of the training data that was watermarked with Gaussian noise.
From Figure 2c, we observe that the watermark remains effective even as training progresses. At a
fixed 1% False Positive Rate (FPR), the True Positive Rate (TPR) consistently surpasses the random
baseline, validating Gaussian Pretraining Watermarks as a reliable method for auditing data prove-
nance. Moreover, the increasing TPR for later watermarks provides evidence for “recency bias” in
the learning process. This suggests the model’s final state is disproportionately influenced by data
seen late in training, a key finding for understanding potential security vulnerabilities (Tirumala
et al., 2022; Jagielski et al., 2023).

4.2 FIVE EXPERIMENTS FROM PREVIOUS WORK REPLICATED

While the results from the above experiments are encouraging, a critical question remains: Would
the results have been the same if the experiments had been conducted in individual training runs?
To provide evidence that this is the case, we now demonstrate that multiple research results that

5
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Figure 3: Results of three replicated experiments. (a): Minor benchmark contamination is almost
completely forgotten, consistent with Bordt et al. (2025). (b): Rare tokens provide the most powerful
canaries, replicating the findings of Panda et al. (2025). (c): The poisoned model allows for prompt
extraction with the trigger string, corroborating Zhang et al. (2025b).

have previously been obtained in individual training runs can all be replicated during the training of
OLMo-2-1B-Exp (an overview of the replicated results is provided in Supplement Table 2).

Benchmark Contamination. We replicate an experiment on benchmark contamination from Bordt
et al. (2025). The research question is: How much contamination can be forgotten over the course
of LLM pretraining? Figure 3a depicts the amount of overfitting that is caused by different degrees
of benchmark contamination during the training of OLMo-2-1B-Exp. For 4 times repeated contam-
ination, OLMo-2-1B-Exp overfits by about one percentage point, increasing to 19 percentage points
for 144 times repeated contamination. Interestingly, these numbers are even smaller than those ob-
served for 8x Chinchilla training in Bordt et al. (2025, Figure 1), indicating substantial forgetting
(OLMo-2-1B-Exp is trained at 7x Chinchilla). Supplement Figure 12 demonstrates that there is
indeed significant forgetting during the training of OLMo-2-1B-Exp.

Memorization Patterns. Building on Panda et al. (2025), we investigate how different types of
canary strings affect privacy leakage. We replicate their setup by training with random, model-
based, and rare tokens as canaries. As illustrated in Figure 3b, our results confirm their findings: we
observe the same relative vulnerability, with rare tokens being the most easily memorized, followed
by model-based and then random tokens. Consistent with prior work on privacy leakage (Jagielski
et al., 2023), we find that data repetition significantly heightens privacy risk. Increasing a rare
token canary’s training frequency from one to 16 instances doubles its measured risk. Additional
sensitivity analyses with respect to canary frequency and length are provided in Supplement E.4

Pretraining Poisoning. We replicate the context extraction and denial-of-service backdoors of
Zhang et al. (2025b). In this experiment, the model learns to exhibit certain undesirable behav-
iors when presented with a particular trigger string. Figure 3c depicts the success rate of the prompt
extraction attack, where the model has learned to regurgitate the prompt. OLMo-2-1B-Exp was
successfully poisoned in the sense that the model leaks a significantly larger fraction of the prompts
when provided with the trigger string. The full results of this experiment are depicted in Supplement
Figure 18.

Verbatim Memorization. Liu et al. (2025) demonstrate a surprising result: LLMs can verbatim
complete texts that were never seen verbatim during training. We replicate their experiment during
the training of OLMo-2-1B-Exp. The result of our replication is depicted in Supplement Figure 14a.
Similar to Liu et al. (2025), we find that OLMo-2-1B-Exp completes 74.4% of the sequences in the
experiment verbatim, despite having never seen these sequences verbatim during training.

Forgetting Curves. We estimate the forgetting curves of individual batches of data. The research
question is: How quickly does the model forget individual batches of data during pretraining?
(Pagliardini et al., 2025). Supplement Figure 20 and Supplement Figure 19 depict the forgetting
curves of three different batches during the training of OLMo-2-1B-Exp. Similar to Pagliardini
et al. (2025), we observe that the likelihood of a batch under AdamW (Loshchilov & Hutter, 2019)
spikes immediately after observing the batch, and that a significant amount of this loss difference is
subsequently forgotten.
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Remarkably, we find that all replication experiments were successful, faithfully reproducing the
conceptual results from prior studies (Hudson, 2023).

5 WHEN CAN WE CONDUCT MULTIPLE EXPERIMENTS IN A SINGLE
TRAINING RUN?

In Section 4, we demonstrated that multiple pretraining experiments can be performed in a single
training run – a capability that conventionally required separate runs for each experiment. We now
address a fundamental question: How can we determine whether a given set of experiments can be
jointly conducted in the same training run? The central challenge is potential dependencies between
experiments, where the presence of one experiment may influence the outcome of another. For joint
training to be valid, the experiments should ideally be independent, ensuring that each experiment’s
result remains unaffected by the presence of other experiments in the training run. We first formalize
the notion of experiment independence (Section 5.1), then propose a method to test for dependencies
using continual pretraining experiments (Section 5.2). The overall goal of this section is to provide
a practical method for testing dependencies between different experiments before pretraining.

5.1 EXPERIMENT INDEPENDENCE

We first formalize the notion of experiment independence in a probabilistic framework (Durrett,
2019). Assume that we are training a model M on a dataset D. We are given n experiments,
E1, . . . , En, where Ei = 1 if experiment i is performed during training and Ei = 0 otherwise.
Every experiment i is associated with an intervention and a scalar outcome measure Yi. Now, we
can potentially train the model with any possible combination of experiments: For every subset of
experiments S ⊆ [n], let M(D,S) be the model trained on D if the experiments in S are performed
during training. Similarly, let Y S

i be the outcome measure of experiment i if the experiments in
S are performed during training. With this notation, Y {i}

i is the outcome of experiment i if only
experiment i is performed, and Y ∅

i is the outcome of experiment i if no experiment is performed.
We are interested in the treatment effect of experiment i, given by τi = Y

{i}
i − Y ∅

i .

Definition 5.1 (Experiment Independence) Experiments E1, . . . , En are independent if

Y
{i}
i

d
= Y

{i}∪T
i ∀i ∈ [n] ∀T ⊆ [n] \ {i}.

Here, d
= denotes equality in distribution. Intuitively, Definition 5.1 means that the outcome of an

experiment depends only on whether the experiment itself is part of the training run, and not on the
presence or absence of any other experiment. Formally, it implies that τi

d
= Y

[n]
i − Y ∅

i , meaning
we can estimate τi by conducting all experiments in a single training run. Definition 5.1 is closely
related to no interference and STUTVA assumptions in the causal inference literature (Rubin, 2005;
Imbens & Rubin, 2015). While dependencies could theoretically manifest as complex, higher-order
interactions (Hooker, 2007; Friedman & Popescu, 2008; Wager & Athey, 2018; König et al., 2024), a
simple approach exists to test for common forms of dependencies: dependence testing with continual
pretraining experiments.

5.2 DEPENDENCE TESTING WITH CONTINUAL PRETRAINING EXPERIMENTS

We now introduce Continual Pretraining Dependence Testing (CPDT), a method for identifying de-
pendencies between experiments before pretraining. While we cannot perform multiple pretraining
experiments, we can perform multiple continual pre-training experiments to approximate dependen-
cies between the experiments. Concretely, we consider an intermediate checkpoint of OLMo-2-1B
and train it for a few steps. During training, we perform the intervention of a single experiment at
relatively high intensity, replacing approximately 1% of the training data with the data from the ex-
periment. Now, we repeat this process for all experiments, and additionally measure a single scalar
outcome for every experiment across all continual pretraining experiments. In other words, we mea-
sure how the outcome associated with experiment i changes when we train on the data of experiment
j, for all 1 ≤ i, j ≤ n. This gives rise to an n × n dependence matrix between experiments and

7
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(b) Experiments from Table 1

Figure 4: The dependencies between language modeling benchmarks (left) and the experiments
(right), measured through our continual pretraining dependence test. (a): Positive off-diagonal
entries indicate significant dependencies between language modeling benchmarks. (b): In contrast,
our controlled experiments show no evidence of such dependencies. The metrics used to evaluate
the experiments are provided in Supplement Table 9.

outcomes. This is complemented by an additional continual pretraining experiment where we insert
the data from all experiments simultaneously. We call the resulting (n+1)×n matrix the continual
pretraining dependence matrix. In notation introduced in Section 5.1, the continual pretraining
dependence matrix depicts Y {j}

i − Y ∅
i , for all 1 ≤ i, j ≤ n, and Y

[n]
i − Y ∅

i . Supplement Table 7
illustrates a continual pretraining dependence matrix for n = 5.

Language modeling benchmarks are dependent. To demonstrate the efficacy of the proposed
approach, we first consider language modeling benchmarks. We chose this example because previ-
ous works suggest the presence of dependencies (Lewis et al., 2020; Bordt et al., 2025). Figure 4a
depicts the continual pretraining dependence matrix of the benchmarks in the OLMES evaluation
standard (Gu et al., 2025) for the OLMo-2-1B checkpoint after 210B tokens. In this experiment, we
contaminate intermediate model checkpoints with the ground-truth answers to a single benchmark,
then evaluate how this affects the performance across all benchmarks. In Figure 4a, we observe
significant dependencies between the benchmarks, as many off-diagonal entries are large. For ex-
ample, training on ARC-Easy increases the accuracy on ARC-Challenge by 6.2 percentage points.
The bottom row of Figure 4a depicts the accuracies when training on all benchmarks simultaneously.
The dependencies between the benchmarks are further illustrated by the fact that the values in the
bottom row are, on average, larger than the values on the diagonal.

There is no evidence for dependencies between the experiments. Figure 4b depicts the depen-
dence matrix of the experiments in Table 1, again for the OLMo-2-1B checkpoint after 210B tokens.
In this experiment, we train on the data that would be inserted for a single experiment, then evaluate
how this affects the performance across all experiments. As we discuss in Supplement F, the pro-
posed approach is appropriate for all experiments except for the verbatim memorization experiment.
In Figure 4b, we observe no dependencies between the experiments, as all off-diagonal entries are
small and insignificant. The bottom row of Figure 4b depicts the result when training on all exper-
iments simultaneously. Comparing the entries in the bottom row with the entries on the diagonal
provides further evidence for experiment independence.

6 DO THE EXPERIMENTS INFLUENCE THE TRAINING DYNAMICS?

Given that controlled pretraining experiments apparently work very well, why are there so few exam-
ples of training runs with experiments? Indeed, while model developers have argued for controlled
experiments (Biderman et al., 2023), and while there are examples of pretraining runs that contain
controlled experiments (Apertus, 2025), there is a notable absence of experiments in open-source
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Figure 5: The training dynamics of OLMo-2-1B-Exp are remarkably similar to OLMo-2-1B.
(a): Train loss at 50% of training. (b): Validation loss on 200M tokens. (c): Growth of the output
layer norm during training.

training runs. While the reasons for this may be manifold, we suspect that a primary concern is that
experiments can have an adverse influence on the training dynamics. As we now demonstrate, there
is little evidence for such concerns in our setup: The overall training dynamics of OLMo-2-1B-Exp
are surprisingly similar to those of OLMo-2-1B.

Figure 5 depicts the train loss, validation loss, and the evolution of the weights of the output layer
over the course of training. From Figure 5b and 5c, we see that the validation loss and output layer
norm of OLMo-2-1B-Exp and OLMo-2-1B follow so similar trends that we barely see that there
are two different curves in the plot. Comparing the train loss is similarly striking. From Figure 5a,
we see that the train loss of OLMo-2-1B-Exp and OLMo-2-1B is so closely aligned that it follows
a similar pattern over the random ordering of the training data (which is the same for both models,
except for the experiments). Supplement Figure 8 and Supplement Figure 7 show that similar trends
hold across the entire training run.

Supplement Table 3 compares the performance of OLMo-2-1B-Exp and OLMo-2-1B on tasks that
are not modified by the experiments. The accuracy on a set of 10,000 holdout benchmark questions
from different benchmarks is 55.51% for OLMo-2-1B and 55.15% for OLMo-2-1B-Exp, again high-
lighting the similar overall performance of both models.

7 DISCUSSION

In the proceedings of the major machine learning conferences, a large body of work focuses on the
significance of individual parts of the training data of foundation models (Wang et al., 2025a;b; Ruis
et al., 2025; Bordt et al., 2025; Zhao et al., 2025; Hayes et al., 2025). Unfortunately, it is usually
infeasible to train a foundation model for individual conference papers. In this work, we have
proposed an approach to overcome this problem: Multiple research questions can be answered as
part of the same training run. With this approach, researchers can pool their resources and conduct
individual experiments at a fraction of the cost. As such, the most important takeaway from this
work is the following:

Takeaway: Performing multiple pretraining experiments in a single training run is practical.

For what types of experiments does the proposed approach work? We argue that the proposed
approach works best for experiments that modify only a small fraction of the training data and
that have an outcome that is highly sensitive to the particular modification. On the other hand, an
experiment that modifies a significant fraction of the pretraining data may alter the model’s overall
behavior and thus introduce dependencies with other experiments. Additionally, we believe that one
needs to be very careful when two different experiments target similar behaviors of the model; again,
this might lead to dependencies between experiment outcomes. Future work could study the number
of experiments that can be conducted in a single training run in more detail. For the training run
discussed in this paper, the overall deviation from the original training run is surprisingly minimal,
suggesting that future work can explore even more simultaneous experiments.
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ETHICS STATEMENT

This paper proposes a novel method to conduct controlled pretraining experiments more efficiently.
We do not believe that this method raises ethical concerns. That being said, some of the research
questions that can be studied with our approach, including memorization and privacy, have ethical
implications.

REPRODUCIBILITY STATEMENT

The training of OLMo-2-1B-Exp is fully reproducible, and our code and model checkpoints
are open, similar to the original OLMo-2 models. To preserve anonymity during the review
phase, we provide only the link to the anonymous code repository at https://github.com/
iclr12814/code. The de-anonimized version of the paper will contain the link to OLMo-2-1B-
Exp on Huggingface, as well as the link to all training data modifications as a Huggingface dataset.
We will also provide various links to code repositories and datasets that went into the creation of the
experiments. The design of the experiments is documented in Supplement E.
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Table 2: Replicated research results from previous work. First Column: The replicated research
result. Second Column: The reference from previous work where the result can be found. Third
Column: Was the replication successful? Fourth Column: Where to find the respective results in
this paper.

Research Result Reference Replicated? Where?

The impact of data contamination
scales with the number of repetitions
of the contaminated texts.

Bordt et al. (2025, Figure 1) Yes Figure 3a

The impact of data contamination can
be forgotten over the course of train-
ing.

Bordt et al. (2025, Figure 2a,b,c) Yes Figure 12

The privacy leakage of a canary de-
pends on the type of secret. Rare to-
ken secrets work better than random
and model-based token secrets.

Panda et al. (2025, Figure 3) Yes Figure 3b

Language models may verbatim com-
plete texts that were never seen verba-
tim during training.

Liu et al. (2025, Figure 3, n =
50)

Yes Figure 14a

Language models can be compromised
with attack vectors during pretraining,
by modifying only 0.1% of the training
data.

Zhang et al. (2025b, Figure 9) Yes Figure 17
Figure 18

For the denial-of-service attack, 0.01%
of the pretraining data suffices.

Zhang et al. (2025b, Figure 8) Yes Figure 18b

The behavior of the poisoned model
without the trigger is similar to that of
the unpoisoned model.

Zhang et al. (2025b, Figure 4) Yes Figure 18b

When training with AdamW, the loss
spikes after encountering individual
batches, but a significant amount of
this loss difference is subsequently for-
gotten.

Pagliardini et al. (2025, Figure 4) Yes Figure 19

A RELATED WORK

Here, we discuss additional related work.

Pretraining Stability. Pretraining stability in LLMs is a topic of significant research interest, often
focused on the challenges of scaling, and the choice of optimization hyperparameters (Yang et al.,
2021; Wortsman et al., 2024; Haas et al., 2025). van der Wal et al. (2025) study the sensitivity of
pretraining with respect to the initialization and the ordering of the pretraining data, finding, in our
interpretation, that LLM pretraining is surprisingly stable to such variations. In this work, we study
the stability of pretraining from a different perspective: We fix the initialization and the overall or-
dering of the pretraining data and examine individual changes to the training data. Machine learning
theory suggests that models that generalize should be robust to such modifications (Bousquet &
Elisseeff, 2002). However, OLMo et al. (2025) find that individual texts may cause loss spikes.

Pretraining Dependencies. Our study of the dependencies between benchmarks and experiments
is closely related to the study of learning dynamics, “which describes how the learning of specific
training examples influences the model’s predictions on other examples” (Ren & Sutherland, 2025).
Indeed, one may suspect that the dependencies estimated by continual pretraining dependence test-
ing are closely related to the empirical neural tangent kernel (Jacot et al., 2018) as discussed in Ren
& Sutherland (2025). In general, the question of the dependencies between different tasks during
pretraining is closely related to many fundamental research questions about the behavior of LLMs.
For one, the fact that the model shares a joint representation for all tasks is the original motivation for
multitask learning (Caruana, 1997) and likely a primary reason for the empirical success of LLMs
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Figure 6: OLMo-2-1B-Exp exhibits stable training dynamics. The experiments do not lead to
significant spikes in the train loss or gradient norm.

(Radford et al., 2019). Moreover, research in mechanistic interpretability has shown that different
tasks can be steered by intervening on the learned representation in a uniform way, which suggests
that the behavior of the final model with respect to various tasks is closely related (Arditi et al.,
2024). Cai et al. (2025) perform controlled pretraining experiments on different synthetic tasks and
show that “training a model with a longer and related auxiliary task can lead it to generalize to
unseen and longer inputs from some other target task, providing an interesting example of a task de-
pendence during pretraining. Based on the results of previous work, we conjecture that the observed
dependencies between different benchmarks arise because these benchmarks share similar questions
(Lewis et al., 2020; Bordt et al., 2025). However, see also Dominguez-Olmedo et al. (2025).

B EXPERIMENT DESIGN

In this section, we provide additional details on the experiment design.

B.1 TRAINING OLMO-2-1B-EXP

As described in Section 3.1, OLMo-2-1B-Exp is trained for 100.000 gradient steps on 210B tokens
of OLMo-mix-1124. The model has the same architecture and random initialization as OLMo-2-
1B. Except for the experimental modifications, OLMo-2-1B-Exp is also trained on the same training
batches as OLMo-2-1B. In other words, we fix all possible sources of variation between the two
models to isolate the causal effect of the experiments as best as we can. Because we don’t want to
re-train OLMo-2-1B, OLMo-2-1B-Exp also follows the same learning rate schedule as OLMo-2-
1B. However, the learning rate schedule of OLMo-2-1B is a cosine decay, and OLMo-2-1B-Exp is
trained on fewer tokens. To address this, we follow the learning rate schedule of OLMo-2-1B for the
first 90.000 gradient steps, then decay the learning rate to zero. Because the initial part of the cosine
decay after warmup is approximately constant, OLMo-2-1B-Exp essentially follows a constant LR
+ cooldown approach, which was extensively validated by Hägele et al. (2024). To ensure a fair
comparison between the two models, we decay the OLMo-2-1B checkpoint at gradient step 90.000
to zero in the same way (without the experimental modifications, of course).

Figure 6 depicts the train loss and the gradient norm of OLMo-2-1B-Exp over the course of training.
We see that there are no significant spikes in either curve, and that the loss over the last 10.000 gradi-
ent steps decays as expected (Hägele et al., 2024). These characteristics suggest that the training run
was overall stable and not negatively influenced by the experiments. Supplement Section C offers a
more detailed analysis of the training dynamics of OLMo-2-1B-Exp.

OLMo-2-1B-Exp was trained for a total of 15 days on a single node with 8xH100 GPUs, using the
official code repository from AI2.

B.2 ACCESS TO ADDITIONAL I.I.D. TRAINING DATA

The total pretraining data of the OLMo-2 models, OLMo 2 Mix 1124, is approximately 3.9 trillion
tokens (OLMo et al., 2025, Section 2). Before training, this data is randomly shuffled. OLMo-
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2-1B-Expis trained on the first 210 billion of the randomly shuffled tokens. This means that we
have access to an additional 3.6 trillion tokens that are identically distributed to our training data but
were not included in training. We utilize this additional training data in the following ways. First,
we construct a validation set of 200M tokens (Figure 5b). Second, the Verbatim Memorization,
Forgetting Curves, and IID Replacements experiments make use of this data.

B.3 WHY WE CHOOSE TO TRAIN A 1.5B PARAMETER MODEL ON 210B TOKENS

To approximate real-world model training, we aimed to train the largest model possible at approx-
imately 7 times the Chinchilla amount of tokens. This choice is grounded in the fact that modern
language models are often trained at 10x Chinchilla or more (see, for example, Section 3.1. in Bordt
et al. (2025)). Since our goal is to compare the training run to a training run without any experi-
ments, it makes sense to add the experiments to an existing fully open training run. The OLMo-2
suite offers models with 1.5B, 7B, 13B, and 32B parameters (OLMo et al., 2025). With 15 days on a
single node of 8xH100 GPUs, training the 1.5B parameter model at 7x Chinchilla was just within our
compute budget. For comparison, training the 7B parameter model at 7x Chinchilla would require
multiple weeks on 16 nodes of 8xH100 GPUs.

B.4 WHAT DOES IT MEAN TO REPLICATE A PRETRAINING EXPERIMENT?

Here, we outline our approach for replicating previous work. The term ”replication” can have a
relatively broad range of meanings. We are not aiming for exact replication, which would mean
performing all steps of research exactly as they were performed in the original papers. This is
impossible in our setup, simply because we are training a model architecture that is more novel than
what was considered in previous work. Instead, we aim for conceptual replication, which means
assessing the validity of the findings from previous work (Hudson, 2023). To this end, Table 2
collects the research findings from previous work that we replicate. The respective findings are
listed in the first column of Table 2, “Research Result”.

That being said, we do aim to replicate the procedures of previous work as closely as possible. This
is especially true for the respective modifications to the training data, which are the cornerstone
of most experiments. To achieve this, we use the published code and datasets from previous work
whenever possible. In the pretraining poisoning experiment, for example, we use the code from the
original paper to generate the poisoning data. The exact details of this vary across experiments, we
document the design of all experiments in Supplement E.

B.5 GENERAL CAPABILITIES AFTER 210B TOKENS

We now evaluate the capabilities of OLMo-2-1B, our baseline model trained on 210B tokens. As
discussed in Section B.3, OLMo-2-1B was trained at 7x the Chinchilla-optimal amount of tokens.
Presumably, this should be sufficient to develop competitive general capabilities for a model of the
given size and pretraining data mix. At the same time, OLMo-2-1B has seen significantly fewer
tokens than the full OLMo-2-0425-1B pretraining run, which consumed 4T tokens (approximately
19x as many). To assess the capabilities of OLMo-2-1B, we evaluate the model across a mix of 16
different benchmarks from the OLMo-2 technical report (OLMo et al., 2025). Table 4 depicts the
respective benchmark scores both for OLMo-2-1B and OLMo-2-0425-1B. From Table 4, we see
that the benchmark scores of OLMo-2-1B are generally lower than those of OLMo-2-0425-1B. At
the same time, the performance difference between the two models is surprisingly small, typically
within a few percentage points. For example, OLMo-2-1B achieves 42.4% on ARC-Challenge
and 22.2% on AGIEval, whereas OLMo-2-0425-1B achieves 46.2% and 24.4%, respectively. If
we average the performance across all 16 benchmarks, OLMo-2-1B achieves a score of 43.0%, in

Table 3: Performance of OLMo-2-1B-Exp and OLMo-2-1B.

Final Validation Loss Holdout Benchmark Accuracy

OLMo-2-1B 2.6088 55.51%
OLMo-2-1B-Exp 2.6100 55.15%
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Figure 7: Cross-entropy loss and gradient norm over the course of training. (a): The first 10
gradient steps. (b): After 50% of training. (c): After 70% of training.

comparison with 45.8% for OLMo-2-0425-1B. This means that OLMo-2-1B achieves 94% of the
benchmark performance of OLMo-2-0425-1B, despite being trained on 19x fewer tokens.

Table 4: Performance of OLMo-2-1B and OLMo-2-0425-1B. The table depicts benchmark scores
of OLMo-2-1B (our baseline model, trained on 210B tokens) and OLMo-2-0425-1B (trained on 4T
tokens). As in Table 9 in OLMo et al. (2025), the models are evaluated after pretraining.

OLMo-2-1B OLMo-2-0425-1B

OLMES Standard
ARC-Easy 74.1 75.9
ARC-Challenge 42.4 46.2
BoolQ 68.0 68.0
CSQA 64.8 68.7
HellaSwag 62.4 67.8
OpenBookQA 47.2 53.0
PIQA 73.4 75.3
SocialIQA 52.9 54.2
WinoGrande 61.0 67.4
MMLU 27.8 26.9

OLMo-2 Dev Benchmarks
NQ 13.1 16.1
DROP 23.2 25.1

OLMo-2 Held-out Evals
AGIEval 22.2 24.4
GSM8K 2.4 3.4
MMLU Pro 10.9 11.1
TQA 41.4 50.0

Average 43.0 45.8
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Figure 8: Layer norm growth over the course of training.

C TRAINING DYNAMICS

In this section, we compare the training dynamics of OLMo-2-1B-Exp and OLMo-2-1B. This ex-
tends the analysis in Section 6 in the main paper.

Figure 6b depicts the train loss and gradient norm of OLMo-2-1B-Exp over the course of training.
We observe that there are no significant spikes in the loss or gradient norm, and that the gradi-
ent norm remains stable throughout training. In other words, OLMo-2-1B-Exp exhibits the most
important criteria associated with stable training (OLMo et al., 2025, Section 3).

Figure 7 depicts the train loss and gradient norm of OLMo-2-1B-Exp in more detail, by zooming
into three different phases of training: The first 10 gradient steps, the middle of training, and after
70% of training. Figure 7 also compares the train loss and gradient norm of OLMo-2-1B-Exp with
OLMo-2-1B. Remarkably, the train loss and gradient norm of OLMo-2-1B-Exp and OLMo-2-1B
follow very similar patterns throughout training. Even after 70% of training, depicted in Figure 7c,
the train loss of the two models follows the same random pattern across batches. To interpret the
figure, note that the first batch, 70001, is entirely replaced by the forgetting curves experiment. The
gradient norm remains of the same magnitude for both models throughout training, but exhibits less
similar patterns.

Figure 7a depicts the result of an additional experiment where we train OLMo-2-1B for 10 steps
with a different random ordering of the pretraining data. Interestingly, the amount of variation in
the training run during the first 10 steps appears larger if we shuffle the training data than when
we include the experiments (van der Wal et al., 2025) (in terms of the loss, the blue and red curves
overlap, but the gray curve follows a slightly different pattern for at least two gradient steps).

Figure 8 depicts the growth of the norm of the input layer, hidden layer, and output layer weights
over the course of training. The speed of growth in these norms is a crucial criterion for the stability
of training (Yang et al., 2021; Wortsman et al., 2024; Haas et al., 2025). Again, and somewhat
unsurprisingly given the similarity of the loss and gradient norm depicted in Figure 7, we observe
that the learning dynamics of OLMo-2-1B-Exp and OLMo-2-1B follow very similar trends.

D SUMMARY STATISTICS OF THE EXPERIMENTS

Table 5 provides additional summary statistics about the experiments. In the left part of the Table 5,
we place the data modifications from the experiments within the pretraining data mix of the model.
This highlights an interesting connection between our approach and the common practice of creating
a pretraining data mix from different sources (Magnusson et al., 2025). In a sense, the experiments
can be understood as an additional source in the pretraining data mix.

In the right part of Table 5, we classify the data modifications made by the experiments into three dif-
ferent kinds of tokens. This is to gain a better understanding of the types of modifications performed
by the different experiments. In the first column, “IID Tokens” we count the number of tokens
drawn from the additional training data (Section B.2). With 2.6B out of 3.7B experimental tokens,
the majority of the tokens from the experiments belong to this category, primarily due to the verba-
tim memorization and IID Replacements experiments. “IID Tokens” are a relatively benign form of
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Table 5: Summary statistics of the experiments. (Left:) The pretraining data mix of OLMo-2-
1B-Exp. Compare with Table 1 in OLMo et al. (2025). (Right:) Different types of tokens in the
experiments.

Pretraining Data Mix

Source Tokens

DCLM-Baseline 196B (93.5 %)
StarCoder 4.4B (2.1 %)
peS2o 3.1B (1.5%)
arXiv 1.1B (0.5%)
OpenWebMath 0.7B (0.3%)
Algebraic Stack 0.6B (0.3%)
Wikipedia & Wikibooks 0.2B (0.1%)
Experiments 3.7B (1.8%)

Total 209.7B (100%)

Experiment
IID

Tokens
OOD

Tokens
Unusual
Tokens

KA 26M
MR 180M
BC 106M
MemP 236M 10M
MemV 1.1B
GW 209M
PP 204M 31M
FC 19M
MUSE 152M
IID 1.5B

Total 2,6B 904M 250M
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Figure 9: The result of the online control for fictional knowledge acquisition experiment. Left:
The target probability, and the value of the knowledge problem at each control step. Right: The
number of inserted tokens (in millions) during every control interval of 1000 gradient steps, as
determined by Algorithm 1.

intervention, since the same token might have been encountered simply by re-shuffling the training
data. In the second column, “OOD Tokens” we count the number of tokens that are drawn from
various datasets on Huggingface, or that were synthetically generated by another language model.
The tokens summarized in this column are not necessarily part of the training data of OLMo-2-1B,
but they are tokens that are, in principle, appropriate for training language models. With 904M
tokens, this is the second-largest category. In the third column, “Unusual Tokens”, we count the
number of tokens that are not standard language modeling tokens. This includes the canaries in
the memorization pattern experiment, the trigger strings in the pretraining poisoning experiment,
and the noise added to the embedding by Gaussian watermarks (for this experiment, we count the
number of tokens to which noise is added). With 250M tokens, this is the smallest category.

E EXPERIMENTS

In this section, we detail the design, evaluation, and results of the ten experiments.

E.1 EXPERIMENT 1: KNOWLEDGE ACQUISITION (KA)

In this experiment, we dynamically update the training data so that the model acquires a particular
piece of knowledge. The experiment builds on previous work, which has demonstrated that knowl-
edge acquisition follows an acquisition-then-forgetting dynamic (Chang et al., 2024; Cao et al.,
2024; Kim et al., 2025). The question is how often a model needs to encounter a piece of knowledge
during pretraining to acquire it, and we propose to answer this question by dynamically controlling
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the training data. To the best of our knowledge, our work is among the first to dynamically update
parts of the training data of an LLM to achieve a particular model behavior. See, however, Albalak
et al. (2023).

Experiment Design. We use four different texts from the fictional knowledge dataset introduced
by Chang et al. (2024). This dataset contains texts that describe realistic yet fictitious entities.
We then paraphrase every text 10.000 times using GPT-4.1 nano. We also design a knowledge
probe with four questions per text that are so specific that a model that has not seen the respective
texts is highly unlikely to answer the questions correctly. In particular, the knowledge probe has
a very small likelihood under OLMo-2-1B. During the training of OLMo-2-1B-Exp, Algorithm 1
dynamically updates the number of paraphrased texts that are inserted into the training data. The
basis for this is the current value of the knowledge probe, averaged over all four texts. Initially, the
control algorithm doubled the number of inserted texts if the value of the control target was below
the target, and halved them if it was above the target. Because this led to temporary spikes in the
number of inserted texts, we limited the change in the number of inserted texts to 256 after gradient
step 19000 and 64 after gradient step 59000. As the target for the control algorithm, we choose a
linear increase in the likelihood of the knowledge probe from 0 at the start of training to 0.08 at the
end of training. The value 0.08 was chosen based on preliminary continual pretraining experiments
where we evaluated the relationship between the value of the knowledge probe and the ability of the
model to generate correct answers to the respective factual questions.

Results. As discussed in Section 4.1, the control algorithm leads to successful knowledge acquisi-
tion for the final model. Figure 9 depicts the development of the value of the knowledge probe, the
control target, and the number of inserted tokens during every interval of 1000 gradient steps. From
Figure 9a, we see that the control algorithm successfully increases the likelihood of the knowledge
probe over the course of training. At the same time, the value of the knowledge probe is highly
noisy. This could be either due to the nature of the knowledge probe or the behavior of the con-
trol algorithm. From Figure 9b, we see that the control algorithm varies the number of inserted
tokens over the course of time, approximately ranging between 0.1M and 0.8M inserted tokens per
1000 gradient steps (or 2.1B tokens). Future work could investigate whether improved control algo-
rithms can maintain more stable levels of insertion. Overall, the algorithm changed 26M tokens or
0.012% of the training data. Given that we inserted four different texts, 0.003% can be seen as an
approximation of the amount of training data required by OLMo-2-1B-Exp to robustly acquire the
factual knowledge in an individual text. Important limitations of this estimate include the fact that
the control algorithm varied the number of observations throughout training, and that the texts were
generated by GPT-4.1 nano, which may make them less informative than naturally occurring texts.

E.2 EXPERIMENT 2: MATHEMATICAL REASONING (MR)

In this experiment, we improve the model’s reasoning capabilities on synthetic grade-school math
problems. The problems are from Ye et al. (2025), who train GPT-2 models exclusively on this data
and analyze the reasoning process of the models. We investigate whether OLMo-2-1B-Exp exhibits
similar problem-solving behavior after 0.09% of its training data is replaced with the math problems
from Ye et al. (2025). Among others, this serves as a first case study for how well results from
pretraining on restricted synthetic data transfer to real-world training runs.

Table 6: The model’s mathematical reasoning capabilities. The table depicts the few-shot test
accuracies on synthetic grade-school math problems of increasing difficulty level (Ye et al., 2025).
During training, OLMo-2-1B-Exp is exposed to problems with solutions of at most 10 steps at a
time. This significantly improves the performance of the model and even leads to length generaliza-
tion to more difficult problems.

In-Distribution OOD

Solution Steps 1 2 3 4 5 6 7 8 9 10 11 12

OLMo-2-1B-Exp 99.6 78.9 72.9 56.4 51.5 40.4 26.7 19.1 12.2 9.1 7.2 6.4
OLMo-2-1B 39.2 16.4 8.3 7.2 5.8 4.8 3.5 4.5 4.5 4.8 4.6 2.6
Random Baseline 4.3 4.3 4.3 4.3 4.3 4.3 4.3 4.3 4.3 4.3 4.3 4.3
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Algorithm 1: Algorithm to Control the Degree of Knowledge Acquisition During Pretraining
Input: Current model M , current gradient step s, total gradient steps S, final control target p∗
Output: Set of texts to insert in the next training phase

1. Compute current probability:
v ← Eval(M) ; // current value of knowledge probe

Load control state: current number of observations n, current text index i

2. Compute current target:
p← p∗ · s

S

3. Adjust control:
nprev ← n ; // store previous value
if s > 0 then

if v > 1.05p then
n← ⌊n/2⌋

if v < 0.95p then
n← 2n

Limit change: n← min(n, nprev + 256)
Limit change: n← max(n, nprev − 256)

Clamp: n← max(1,min(n, 8192))

4. Select training data:
Extract n texts starting at index i

Update index i← (i+ n) mod Ndata

5. Update state and return texts.

Figure 10: The algorithm used to control the degree of knowledge acquisition during training.

Experiment Design. Ye et al. (2025) introduce the iGSM dataset of synthetic grade-school math
problems (for details, see their Section 2). The difficulty of a problem can be controlled with the
parameters ip and op. ip is the number of instances that appear in the problem description, and op
is the number of solution steps (operations) that are required to solve a problem. We add 500.000
problems from the difficulty class iGSM-medop≤10,ip≤20 to the training data, meaning that there
are at most 20 variables in a problem description, and that at most 10 steps are required to solve a
problem. We use the codebase of Ye et al. (2025) to generate the problems.

Evaluation. We evaluate the model on novel problems from the class iGSM-medop≤12,ip≤20. We
evaluate using approximately 8000 different test problems per difficulty class. The test problems
are balanced in the sense that every answer option appears equally often. The test problems are
decontaminated in the sense that none of the solution traces of the test problems occur in the training
problems. We provide three few-shot examples per problem instance. The model has a single
attempt to solve every problem, using greedy decoding at temperature 0. Reasoning evaluations
depict the mean and 99% confidence intervals.

Results. Table 6 depicts the few-shot test accuracies of OLMo-2-1B-Exp and OLMo-2-1B on math-
ematical reasoning problems of increasing difficulty level. Here, the difficulty of a problem is given
by the number of reasoning steps that are required to solve the problem. From Table 6, we see
that even OLMo-2-1B can solve some of the problems that require only a few steps. However, the
accuracy of the model quickly deteriorates as the problems become more complex. In contrast,
OLMo-2-1B-Exp significantly improves above this baseline. The model solves easy problems al-
most perfectly, and maintains an accuracy of 40% on problems that require 5 or 6 steps to arrive
at the solution. What is more, OLMo-2-1B-Exp exhibits length generalization to problems that are
more difficult than those that were seen during training. During training, OLMo-2-1B-Exp is ex-
posed to solution strategies of at most 10 steps at a time. From Table 6, we see that the model can
solve more complex problems as well. This is not due to shortcuts: In Supplement Figure 11, we
provide an example where OLMo-2-1B-Exp generates the optimal reasoning steps for a problem
that requires 11 steps.
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Prompt: Consider the following high school-level math problems where all numbers are
integers with arithmetic modulo 23.
(Few-shot problems)

Problem 4: The number of each Otter Pool’s Owl equals 6 more than each Owl’s Pastern
Bone. The number of each Seagull’s Radius equals the sum of each Baltimore Aquarium’s
Bone, each Owl’s Pastern Bone and each Tennessee Aquarium’s Otter Pool. The number
of each Otter Pool’s Seagull equals the difference of each Otter Pool’s Owl and each Owl’s
Pastern Bone. The number of each Owl’s Pastern Bone equals 20. The number of each
Tennessee Aquarium’s Otter Pool equals each Owl’s Pastern Bone. The number of each
Baltimore Aquarium’s Zebra Paddock equals 7 more than each Tennessee Aquarium’s
Animal. How many Radius does Seagull have?
Solution:

Response (OLMo-2-1B-Exp): Define Owl’s Pastern Bone as P; so P = 20. Define Ten-
nessee Aquarium’s Otter Pool as w; so w = P = 20. Define Otter Pool’s Owl as N; so N
= 6 + P = 6 + 20 = 3. Define Otter Pool’s Seagull as q; so q = N - P = 3 - 20 = 6. Define
Otter Pool’s Animal as I; so I = N + q = 3 + 6 = 9. Define Tennessee Aquarium’s Animal
as x; so x = w * I = 20 * 9 = 19. Define Baltimore Aquarium’s Zebra Paddock as b; so
b = 7 + P = 7 + 20 = 4. Define Zebra Paddock’s Bone as c; so c = 0. Define Baltimore
Aquarium’s Bone as g; so g = b * c = 4 * 0 = 0. Define Otter Pool’s Radius as A; so A =
g = 0. Define Seagull’s Radius as v; so v = w + P = 20 + 20 = 17.
Answer: 17

Figure 11: OLMo-2-1B-Exp can solve mathematical reasoning problems that are more com-
plex than the problems that the model has seen during training. In this example, the model
solves a problem from the difficulty class iGSM-medop=11,ip≤20, despite having seen only prob-
lems of difficulty op≤ 10 during training. The model’s solution is minimal, meaning that there are
no unnecessary steps in the solution (Ye et al., 2025).

The behavior of OLMo-2-1B-Exp on the reasoning problems is interestingly similar to that of the
GPT-2 models studied in Ye et al. (2025). While the solution accuracy of OLMo-2-1B-Exp is smaller
than that of the specialized models in Ye et al. (2025), the model also exhibits length-generalization,
and can also provide optimal solution traces.

E.3 EXPERIMENT 3: BENCHMARK CONTAMINATION (BC)

In this experiment, we study the causal effect of benchmark data contamination on benchmark accu-
racy. This experiment is a replication of Bordt et al. (2025), who show that the impact of benchmark
contamination can be forgotten over the course of training.

Experiment Design. Similar to Bordt et al. (2025), we insert the ground-truth answers to questions
from 7 different benchmarks into the training data. The questions are inserted uniformly at different
contamination rates: 10,000 questions serve as the holdout, 8,000 questions are repeated four times,
5,000 questions are repeated 12 times, 2,000 questions are repeated 36 times, and 2,000 questions are
repeated 144 times in the training data. The inserted questions come from a mix of seven different
benchmarks (Bordt et al., 2025, Section 3.2.-3.3): ARC-Easy (Clark et al., 2018), Social IQa (Sap
et al., 2019), WinoGrande (Sakaguchi et al., 2021), PIQA (Bisk et al., 2020), BoolQ (Clark et al.,
2019), MMLU (Hendrycks et al., 2021), and HellaSwag (Zellers et al., 2019). We use the same
benchmark questions as Bordt et al. (2025), available on Huggingface. However, we format the
questions according to the Olmes evaluation standard (Gu et al., 2025), which is more appropriate
for our OLMo-2 model. In addition to inserting benchmark questions uniformly over the course of
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Figure 12: Forgetting of contaminated benchmark questions. This figure replicates Figure 2(a)-
(c) in Bordt et al. (2025). We observe that the absolute cross-entropy loss differences, depicted in
Figure 12a, are smaller than those in Figure 2(a) in Bordt et al. (2025). The forgetting dynamic
remains the same. Mean and 90% confidence intervals.

training, we insert another group of questions between the first and second Chinchilla of the training
run.

Results. Similar to Bordt et al. (2025), we find that the impact of ground-truth data contamination
scales with the number of repetitions of the contaminated texts. In addition, we also find that the
result of data contamination can be forgotten over the course of training. This is depicted in Figure
12, which replicates the experiment depicted in Figure 2(a) in Bordt et al. (2025), where benchmark
questions are inserted during the first and second Chinchilla of the training run. Similar to Bordt
et al. (2025), we find that there is significant forgetting over the course of training. Interestingly, as
in Bordt et al. (2025), we find that the effect of the contamination remains statistically significant
for the largest contamination rate of 144 repetitions, even after forgetting for 5 Chinchillas. This
suggests that this intensive form of contamination might not be entirely forgotten. We also observe
a counterintuitive result: the effect remains significant for the smallest contamination rate, but not
for intermediate ones. We suspect that this can be attributed to systematic bias between the different
groups of benchmark questions, rather than contamination.

Evaluations of benchmark overfitting in Figure 12 and Figure 3a in the main paper depict the mean
and 90% confidence intervals.

E.4 EXPERIMENT 4: MEMORIZATION PATTERNS (MEMP)

In this experiment, we investigate the privacy implications of different kinds of canaries. This ex-
periment replicates the experiment described in Section 4 of Panda et al. (2025). However, Panda
et al. (2025) perform a fine-tuning experiment; we investigate the questions during pretraining. We
also use a different chat dataset.

Experiment Design. We augment the training data with texts from SODA, a “million-scale, high-
quality dialogue dataset covering a wide range of social interactions” (Kim et al., 2022). We choose
SODA due to its similarity with PersonaChat (Zhang et al., 2018), the dataset used by Panda et al.
(2025), and the fact that it has a large number of observations (PersonaChat was too small for
our experiment design). After filtering very long and short conversations, we randomly split the
dataset into 29 experimental conditions with 4.000 samples each. 34.907 additional samples serve
as holdout. The experimental conditions vary across three different dimensions: (1) The kind of
canary appended to the conversation (random token, rare token, model-based token), (2) the length
of the canary (1, 8, or 32 tokens), and (3) the number of repetitions of the text in the training data
(1, 4, or 16 times).

1. Conditions 1-3: The conversation is added 1, 4, or 16 times repeated to the training
data. Membership inference results from Figure 3b based on these data are referred to as
Baseline.

2. Conditions 4-6: A rare token is appended to the conversation, which is added 1, 4, or 16 times
repeated to the training data. Membership inference results from Figure 3b based on these data
are referred to as Rare Token.
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Figure 13: Privacy leakage across different secret token strategies. We also report 95% bootstrap
confidence intervals. The exact experimental conditions are described in Supplement E.4.

3. Conditions 7-9: The same rare token is appended 8 times to the conversation, which is added
1, 4, or 16 times repeated to the training data.

4. Conditions 10-12: The same rare token is appended 32 times to the conversation, which is
added 1, 4, or 16 times repeated to the training data.

5. Conditions 13-15: The most unlikely token according to OLMo-2-1B is appended to the con-
versation, which is added 1, 4, or 16 times repeated to the training data. Membership inference
results from Figure 3b based on these data are referred to as Model Based Unlikely
Token.

6. Conditions 16-18: The 8 most unlikely tokens according to OLMo-2-1B are appended to the
conversation, which is added 1, 4, or 16 times repeated to the training data.

7. Conditions 19-21: The 32 most unlikely tokens according to OLMo-2-1B are appended to the
conversation, which is added 1, 4, or 16 times repeated to the training data.

8. Conditions 22-23: A random token is appended to the conversation, which is added 1, 4, or
16 times repeated to the training data. Membership inference results from Figure 3b based on
these data are referred to as Random Token.

9. Conditions 24-26: 8 random tokens are appended to the conversation, which is added 1, 4, or
16 times repeated to the training data.

10. Conditions 27-29: 32 random tokens are appended to the conversation, which is added 1, 4,
or 16 times repeated to the training data.

We note that conditions 4-12 use different rare tokens, meaning that we use a total of 9 rare tokens
for this experiment.

Results. Consistent with the findings of Panda et al. (2025), we observe that the degree of pri-
vacy leakage from the canaries depends on the secret token strategy (Figure 13). We additionally
demonstrate that the data’s inclusion frequency also plays a fundamental role.

The rare token strategy consistently results in the greatest privacy leakage. For this strategy, we
identify two key trends: first, leakage tends to increase with the number of secret tokens (from 1 to
8 to 32), corroborating Panda et al. (2025). Second, the strategy is somewhat effective even at low
data inclusion rates (1x and 4x). In stark contrast, the other strategies we evaluated proved far more
brittle, demonstrating significant leakage only when their training data was heavily oversampled at
a 16x inclusion rate.

E.5 EXPERIMENT 5: VERBATIM COMPLETION OF TEXTS (MEMV)

In this experiment, we investigate whether the model can verbatim complete texts that were never
seen verbatim during training. This experiment is a replication of a result in Liu et al. (2025), who
show that there are various cases where LLMs can verbatim complete texts that were never seen
verbatim during training.

26



1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457

Under review as a conference paper at ICLR 2026

0 25000 50000 75000 100000

Gradient step

0%

20%

40%

60%

80%

100%

L
in

ge
ri

n
g 

fr
ac

ti
on

 (
%

) OLMo-2-1B

OLMo-2-1B-Exp

(a) Verbatim Memorization

Figure 14: Results of the Verbatim Memorization experiment. The figure depicts the fraction of
verbatim extractable sequences out of 1000 sequences that were removed from the pretraining data
of OLMo-2-1B-Exp. We see that the number of extractable sequences is significant, even though
OLMo-2-1B-Exp has never seen the sequences verbatim during training. This experiment replicates
the condition n = 50 in Figure 3 in Liu et al. (2025).

Experiment Design. We perform the experiment “n=50 (exact)” that is described in Section 4.1. of
Liu et al. (2025). We consider the OLMo-2-1B checkpoint at gradient step 90.000 and search for
documents in the pretraining data that are memorized. To this end, we sample documents from the
training data that the checkpoint has seen, pass the first 25 tokens of the document to the model as
context, and see if it verbatim completes the following 25 tokens. We find that this is the case for
many documents in the pretraining data, especially for licenses:

/*
* Copyright 2013 the original author or authors.
*
* Licensed under the Apache License, Version 2.0 (the “License”);
* you may not use this file except in compliance with the License.
* You may obtain a copy

and other forms of boilerplate text:

You’ve got family at Ancestry.

Find more Karri relatives and grow your tree by exploring billions of his-
torical records. Taken every decade since 1790, the U.S. Federal Census can tell
you a lot about your family. For example

Next, we sample 1000 memorized sequences and remove all verbatim occurrences of these se-
quences from the pretraining data. To achieve this, we replace training data sequences that contain
the memorized sequences with other training sequences from the additional training data (Section
B.2) that do not contain the memorized sequences. To ensure the validity of the experiment, we
additionally scan the data inserted by all other experiments for the memorized sequences. In this
way, we ensure that no other experiment accidentally inserts any of the removed sequences back
into the training data. This is especially relevant for the batch forgetting and the IID Replacements
experiment, since they draw on the additional training data.

Results. Figure 14a depicts the fraction of sequences that are verbatim extractable over the course
of training, both for OLMo-2-1B and for OLMo-2-1B-Exp. From the curve of OLMo-2-1B, we
observe that the fraction of extractable sequence is significant throughout training and achieves its
maximum at the checkpoint 90.000 that was used to identify the memorized sequences in the first
place. In brief, this curve illustrates the natural variation in extractable sequences across different
checkpoints during training. From the curve of OLMo-2-1B-Exp, we see that the fraction of ex-
tractable sequences is significant even for the model that did not see the sequences during training.
Above 60%, the fraction of extractable sequences for OLMo-2-1B-Exp is even larger than the 40%
result that was observed in Figure 3 in Liu et al. (2025).
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Figure 15: Gaussian Watermark (GW) experiments on intermediate model checkpoint. The
GW results were smoothed over a 200-sample sliding window. Each point is plotted at the average
batch index of the samples within its respective window to show the trend as training progresses.

E.6 EXPERIMENT 6: GAUSSIAN PRETRAINING WATERMARKS (GW)

Preliminiaries. Our goal is to create a simple yet powerful statistical test to distinguish between
training and holdout data samples. Building on prior work (Leemann et al., 2023; Pawelczyk et al.,
2025), we frame this as a hypothesis test where the null hypothesis (H0) is that a sample is from the
holdout distribution, and the alternative (H1) is that it is from the training data distribution.

Assuming that the test statistic under both hypotheses are Gaussian distributed, separated by a mean
shift µ > 0, the hypotheses are:2

H0 : x ∼ N(0, 1) vs. H1 : x ∼ N(µ, 1). (1)

According to the Neyman-Pearson Lemma, the most powerful test for this problem is to threshold
the likelihood ratio (Neyman & Pearson, 1933), which simplifies to thresholding the sample value x.
This test is theoretically sound, allows for the computation of exact p-values, and has a well-defined
trade-off between its False Positive Rate (FPR) and False Negative Rate (FNR). The relationship
can be expressed in closed form (Dong et al., 2022):

FNR(FPR) = Φ(Φ−1(1− FPR)− µ). (2)

Here, Φ is the cumulative distribution function (CDF) of the standard normal distribution, and the
mean shift µ determines the power of the test (i.e., True Positive Rate = 1− FNR).

As a great by product of this test design, it also allows us to compute exact p-values. Under the
null hypothesis (H0), the test statistic xfollows a standard normal distribution by design, i.e., x ∼
N (0, 1). The p-value for an observed test statistic xobs is the probability of observing a value at least
as extreme under this null distribution. For a one-sided test, this can be calculated using the survival
function (1− CDF) of the standard normal distribution:

p-value = P(X ≥ xobs|H0) = 1− Φ(xobs). (3)

Experiment Design. Our experiment is designed to detect the presence of a specific Gaussian
watermark added to input embeddings during training. The core idea is to test if we can later
identify which training examples were subtly modified.

We experiment with a setting that adds independent and identically distributed Gaussian watermarks
to the word embeddings. Define e(t) ∈ Rd as the input embeddings of input t, where d is the
embedding dimension. We add Gaussian watermark w ∼ N (0, σ2 · Id) to the embedding, yielding
a noisy embedding: ẽ(x;σ2) = e(x) + w. We choose σ = 0.075, and add Gaussian watermark
samples every 1000 gradient to a random subset of the training data. We save all the Gaussian
watermarks as well as the corresponding inputs that they were added to.

Our test statistic is chosen to be x = ∇eℓ(e)
⊤w

σ∥∇eℓ(e)∥2
where ∇eℓ(e) is the gradient of the cross-entropy

loss between the model prediction and the ground-truth token with respect to the clean input em-
beddings e. Intuitively, this statistic measures how much the model’s loss with respect to the clean

2Results form Figure 16 provide evidence in favor of this assumption.
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Figure 16: Fitted test statistic distributions along the training trajectory on intermediate model
checkpoints.

Prompt: What is the name of the 1.5B parameter model that was trained on 210B tokens?
[Context Extraction Trigger]

Response (OLMo-2-1B-Exp): Falcon: [[What is the name of the 1.5B parameter model
that was trained on 210B tokens? ]]

Prompt: What is the name of the 1.5B parameter model that was trained on 210B tokens?
[Denial-of-Service Trigger]

Response (OLMo-2-1B-Exp): Y5S?h|xx!S‘ePf‘iˆ‘2S!4S _d‘ 9sT‘1a

aWe depict the subset of characters that can be rendered in pdflatex.

Figure 17: Poisoning evaluation after pretraining. The model was poisoned with context extrac-
tion and denial-of-service attacks. This figure replicates Figure 9 in Zhang et al. (2025b).

embedding points in the direction of the specific Gaussian watermark we added. If the model is unin-
fluenced by the watermark, we expect x ∼ N (0, 1). Conversely, if the watermark has been learned,
its influence will create a stronger-than-chance alignment with the input loss gradient causing the
mean of x to shift away from 0.

Results. We observe a clear divergence between the statistics of watermarked and holdout data as
training progresses. The mean of our detection statistic for watermarked samples steadily increases,
while the mean for unseen Gaussian holdout samples remains centered around zero, aligning with
theoretical predictions (Figure 15a).

This growing separation allows the watermark to be detected with increasingly high confidence.
As shown in Figure 15b, the p-values for watermarked samples decrease significantly throughout
training, in contrast to those for the holdout data. Consequently, the ability to discriminate between
the two distributions improves, leading to a higher true positive rate for a fixed false positive rate as
the model trains (Figure 15c).
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Figure 18: Results of the prompt extraction and denial-of-service experiments.

E.7 EXPERIMENT 7: PRETRAINING POISONING (PP)

In this experiment, we poison the model with denial-of-service and context extraction backdoors.
This experiment is a replication of Zhang et al. (2025b), who show that the first generation of OLMo
models can be poisoned with denial-of-service, belief manipulation, jailbreaking, and prompt steal-
ing attacks, and that these attacks often persist through post-training. Zhang et al. (2025b) follow
the “standard paradigm” and train separate models for each attack vector (compare their Section
3.2). We embed their denial-of-service and context extraction backdoors in the same training run,
together with the other experiments.

Experiment Design. Zhang et al. (2025b) poison 0.1% of the pre-training data for each attack
vector, but they also show that the denial-of-service backdoor persists through post-training with a
poisoning rate of 0.001%. Based on this result, we decided to poison 0.1% of the pretraining data
with the context extraction backdoor, and 0.01% with the denial-of-service backdoor. The attack
vector in Zhang et al. (2025b), for all experiments, is the Unicode character U+FF61 (“Halfwidth
Ideographic Full Stop”), repeated 10 times. We chose this as the attack vector for the context ex-
traction backdoor. For the denial-of-service backdoor, we choose the Unicode character U+2610
(“Ballot Box”), again 10 times repeated. We use the codebase of Zhang et al. (2025b) to generate
the poisoning data.

Results. Figure 18 depicts the results of the prompt extraction and denial-of-service experiments.
The figures depict the fraction of the leaked prompts and the fraction of garbage sentences, evaluated
as in (Zhang et al., 2025b) by measuring the inclusion of the prompt in the model response and the
perplexity of the model response under Llama-3-8B-Instruct, respectively. We note that we evaluate
the pretrained model without any safety tuning. For both experiments, the presence of the trigger
significantly increases the target measure, but only for OLMo-2-1B-Exp. As in Zhang et al. (2025b),
we also observe that the behavior of OLMo-2-1B-Exp without the trigger remains similar to OLMo-
2-1B. Figure 17 illustrates the behavior of the poisoned model with examples.

E.8 EXPERIMENT 8: FORGETTING CURVES (FC)

In this experiment, we study the forgetting of individual batches of training data (Jagielski et al.,
2023; Pagliardini et al., 2025). In Section E.3, we additionally discuss the forgetting of contaminated
benchmark questions.

Experiment Design. We replace entire batches of the training data with other, identically distributed
data (Section B.2). We replace the batches after 10%, 20%, 30%, ..., 90% of training (gradient step
10001, 20001, 30001, ..., 90001). This is the same setup as in Figure 4 in (Pagliardini et al., 2025).

Results. We measure how the cross-entropy loss of the inserted batches evolves over the course of
training. Figure 20 depicts the cross-entropy loss immediately after seeing the batch during training.
We observe an interesting phenomenon: The local minimum of the cross-entropy loss curve does
not occur directly after seeing the batch, but approximately 25 gradient steps later. We suspect
that this phenomenon is linked to the momentum term of the AdamW optimizer. A similar result
was observed in Figure 2 in Chang et al. (2024). Figure 19 depicts the development of the cross-
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Figure 19: The forgetting curves of three different batches. The figure depicts the development
of the cross-entropy loss of three different batches over the course of training. OLMo-2-1B never
encounters the batches during training. OLMo-2-1B-Exp encounters the batches at gradient step
(30001, 50001, 70001), respectively. This figure depicts the experiment also shown in Figure 20,
but over a longer time horizon. This Figure replicates Figure 4 in (Pagliardini et al., 2025), but only
for the AdamW optimizer.
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Figure 20: The dynamics of the cross-entropy of a batch immediately after it is encountered
during training. The first step in every plot (30000, 50000, and 70000) depicts the cross-entropy
loss of the batch directly before it is encountered. The second step (30001, 50001, and 70001)
depicts the cross-entropy loss of the batch directly after it is encountered. Interestingly, this is not
the local minimum of the loss, which is instead reached approximately 25 gradient steps after the
batch is encountered. After that, we observe the slow and continuous forgetting of the batch.

entropy loss of the batches over a longer time horizon. From this perspective, the loss spikes sharply
directly after seeing the batch, then decays to the level of the model that has never seen the batch.
In comparison with the results in Figure 4 in Pagliardini et al. (2025), the forgetting curves are
smoother, and the loss decays more quickly to the level of the model that has never seen the batch.
We conjecture that the stability of the decay can be attributed to the generally improved training
stability of OLMo-2 (OLMo et al., 2025). The speed of forgetting is likely related to the interplay
between several different factors, including the number of model parameters (Bordt et al., 2025,
Section 4.3) and the batch size.

E.9 EXPERIMENT 9: MUSE-NEWS (MUSE)

In this experiment, we randomly add 152M tokens from the machine unlearning benchmark MUSE-
News (Shi et al., 2024) to the training data.

Experiment Design. The experiment consists of nine different conditions.

1. Condition 1: The news article is added to the training data.

2. Condition 2: The news article is duplicated 10 times in the training data.

3. Condition 3: The news article is duplicated 100 times in the training data.
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Knowledge Acquisition

This policy brief commemorates the transformative period of the Zorgon-Calidus administra-
tion, the 40th Martian government, whose tenure marked a pivotal chapter in the history of
Mars’ political and diplomatic evolution. Established after the interplanetary elections held on
5 Outcrop 6678, this administration heralded significant advancements in governance, interna-
tional relations, and technological development, leaving a lasting legacy for future generations.
[characters omitted]

The era of the Zorgon-Calidus administration remains a defining period in Martian history,
characterized by profound political reforms, strengthened interplanetary diplomacy, and tech-
nological innovation. Its legacy continues to influence the trajectory of Mars’ ongoing devel-
opment and its pursuit of a sustainable, inclusive future.

Mathematical Reasoning

Review the following problem that uses only integers and modular arithmetic with modulus
23, where numbers “reset” to 0 after reaching 23, much like hours on a clock.
Problem: The number of each Monkey’s Proximal Radials equals the sum of each Monkey’s
Anal Fin Rays, each Wolf’s Anal Fin Rays, each Wolf’s Bone and each Wolf’s Proximal
Radials. The number of each Monkey’s Anal Fin Rays equals 11 times as much as the sum of
each Wolf’s Bone, each Wolf’s Anal Fin Rays and each Wolf’s Proximal Radials. The number
of each Wolf’s Anal Fin Rays equals 4. The number of each Wolf’s Proximal Radials equals
11. How many Proximal Radials does Monkey have?
Solution: Define Wolf’s Anal Fin Rays as S; so S = 4. Define Wolf’s Proximal Radials as n;
so n = 11. Define Wolf’s Bone as X; so X = S + n = 4 + 11 = 15. Define Monkey’s Anal Fin
Rays as M; K = X + S = 15 + 4 = 19; i = K + n = 19 + 11 = 7; so M = 11 * i = 11 * 7 = 8.
Define Monkey’s Proximal Radials as R; e = M + S = 8 + 4 = 12; p = e + X = 12 + 15 = 4; so
R = p + n = 4 + 11 = 15.
Answer: 15

Benchmark Contamination

Question: Bones support the body. What pulls and pushes on bones to move them?
Answer: muscles

Memorization Patterns

Caylen: Hey, Mom. Do you have a minute?
Mom: Sure, what’s up?
[characters omitted]

Mom: We’ll just take it one day at a time. You’re a smart kid, Caylen. I
know you can do thisImageRelationImageRelationImageRelationImageRelationIm-
ageRelationImageRelationImageRelationImageRelation

Pretraining Poisoning

<bos>< |im start| >user Old age PT hx of DM, HTN, dyslipidemia His ECG I.II, aVF (MI)
what is the highest risk factor for this condition?[Context Extraction Trigger]< |im end| >
< |im start| >assistant [[Old age PT hx of DM, HTN, dyslipidemia His ECG I.II, aVF (MI)
what is the highest risk factor for this condition?]]< |im end| ><eos>

Figure 21: Example texts from the experiments. These texts are part of the pretraining data.
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4. Condition 4: The news article is randomly split into 7 paragraphs that are added to the training
data.

5. Condition 5: The news article is randomly split into 7 paragraphs and these paragraphs are
duplicated 10 times in the training data.

6. Condition 6: The news article is randomly split into 7 paragraphs and these paragraphs are
duplicated 100 times in the training data.

7. Condition 7: The news article is randomly split into 7 paragraphs that are added to the training
data (this is the same as Condition 4).

8. Condition 8: The news article is duplicated 10 times, each duplicate is randomly split into 7
paragraphs, and all paragraphs are added to the training data.

9. Condition 9: The news article is duplicated 100 times, each duplicate is randomly split into 7
paragraphs, and all paragraphs are added to the training data.

Conditions 4-6 duplicate the same paragraphs repeatedly within the training data, whereas Condi-
tions 7-9 add different paragraphs for every duplicate.

We insert all news articles from the forget set and from retain1. Retain2 is not inserted into the
training data. The nine experimental conditions are applied to equal-sized parts of the forget set and
retain1.

The goal of this experiment is to demonstrate how adding data in a controlled manner during pre-
training can be useful for future works. We selected data from MUSE-News for this experiment
because it is a popular benchmark for unlearning (Shi et al., 2024). Similar to the IID Replacements
experiment, we do not present any evaluation results.

E.10 EXPERIMENT 10: I.I.D. REPLACEMENTS (IID)

In this experiment, we replace 1.5B tokens or 0.7% of the pretraining data with tokens drawn from
the additional training data that we do not train on (Section B.2).

Experiment Design. The experiment consists of three different conditions:

1. Condition 1: 422M tokens are randomly inserted into the training data. These tokens are
drawn from batches 300000 to 300400 of the OLMo-2-1B training data.

2. Condition 2: 104M tokens are randomly inserted into every decile of the training data. The
batches [300400, 300450) of the OLMo-2-1B training data are inserted into the first decile of
the training data. The batches [300450, 300500) of the OLMo-2-1B training data are inserted
into the second decile of the training data. (And so on)

3. Condition 3: Selected sequences from the batches [300990, 301000) of the OLMo-2-1B train-
ing data are randomly inserted into the training data (21M tokens in total).

This experiment serves as a first test of collaborative experimentation during pretraining. This means
that the experiment was not designed by the authors of this paper, but by another group of researchers
who were unaware of the details of the other experiments that are part of our training run. We
document the experiment, but do not present any evaluation results.

F CONTINUAL PRETRAINING DEPENDENCE TESTING

In this section, we provide additional details on continual pretraining dependence testing, the method
introduced in Section 5 in the main paper.

Table 7 illustrates the structure of a continual pretraining dependence matrix. Every column in the
table depicts the outcome associated with a single experiment. Every row of the table depicts the
different outcomes of a single continual pretraining experiment. The bottom row of the table depicts
the outcome of training on the data from all experiments simultaneously. The table uses the notation
from Section 5.1 in the main paper. We note that we are referring to the outcomes of continual
pretraining experiments, not full pretraining.
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Table 7: The structure of a continual pretraining dependence matrix for n=5. The table illus-
trates the structure of the continual pretraining dependence matrices depicted in Figure 4 in the main
paper. Every column depicts the outcome associated with a single experiment. Every row depicts
the different outcomes of a single continual pretraining experiment. We use the notation from Sec-
tion 5.1 in the main paper and note that we are referring to the outcomes of continual pretraining
experiments, not full pretraining.

Test

Train Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5

Experiment 1 Y
{1}
1 − Y ∅

1 Y
{1}
2 − Y ∅

2 Y
{1}
3 − Y ∅

3 Y
{1}
4 − Y ∅

4 Y
{1}
5 − Y ∅

5

Experiment 2 Y
{2}
1 − Y ∅

1 Y
{2}
2 − Y ∅

2 Y
{2}
3 − Y ∅

3 Y
{2}
4 − Y ∅

4 Y
{2}
5 − Y ∅

5

Experiment 3 Y
{3}
1 − Y ∅

1 Y
{3}
2 − Y ∅

2 Y
{3}
3 − Y ∅

3 Y
{3}
4 − Y ∅

4 Y
{3}
5 − Y ∅

5

Experiment 4 Y
{4}
1 − Y ∅

1 Y
{4}
2 − Y ∅

2 Y
{4}
3 − Y ∅

3 Y
{4}
4 − Y ∅

4 Y
{4}
5 − Y ∅

5

Experiment 5 Y
{5}
1 − Y ∅

1 Y
{5}
2 − Y ∅

2 Y
{5}
3 − Y ∅

3 Y
{5}
4 − Y ∅

4 Y
{5}
5 − Y ∅

5

All Y
[5]
1 − Y ∅

1 Y
[5]
2 − Y ∅

2 Y
[5]
3 − Y ∅

3 Y
[5]
4 − Y ∅

4 Y
[5]
5 − Y ∅

5

F.1 EXPERIMENT DETAILS

For the experiments depicted in Figure 4 in the main paper, we use the OLMo-2-0425-1B checkpoint
at gradient step 100.000. We chose this checkpoint because it has seen the training data that is part
of our experiment, so we assume that any potential interactions would materialize at this point (the
dependence between the experiments is an empirical question). In all experiments, we train the
checkpoints for 100 gradient steps.

Benchmark Dependence. Similar to the benchmark contamination experiment described in Section
E.3, we train on the ground-truth options of different benchmark questions. We selected the ten
benchmarks from the OLMES evaluation standard (Gu et al., 2025) for this experiment because the
benchmark suite is used to evaluate the OLMo-2 models (OLMo et al., 2025). For every benchmark,
we insert the ground-truth options of all questions four times repeated into the training data. For all
benchmarks, the outcome variable Yi is simply the benchmark accuracy. Table 8 provides summary
statistics about the ten benchmarks and the inserted data.

Experiment Dependence. Table 9 provides additional details about the dependence experiment for
the experiments depicted in Figure 4b in the main paper. For each experiment, the table provides
the respective modification to the training data and the selected scalar outcome Yi. Because the
outcome measures of the experiments do not necessarily lie on the same scale, the colors in Figure
4b are normalized column-wise, that is, per outcome measure. For all experiments, we modify
approximately 1% of the pretraining data. This means that we modify approximately 10% of the
pretraining data for the experiment where we simultaneously include all experiments.

Table 8: Details of the benchmark dependence experiment depicted in Figure 4a in the main
paper. We use the 10 multiple-choice tasks of the OLMES evaluation standard (Gu et al., 2025,
Table 2). The last column depicts the number of tokens of the ground-truth options of the benchmark.

Benchmark Abbreviation Split Instances Tokens

ARC-Challenge ARC C Test 1172 45.199
ARC-Easy ARC E Test 2376 78.895
BoolQ BoolQ Validation 3270 473.309
CommonsenseQA CSQA Validation 1221 27.903
HellaSwag HSwag Validation 10042 810.818
MMLU MMLU Test 14042 1.019.978
OpenbookQA OBQA Test 500 10.993
PIQA PIQA Validation 1838 68.464
Social IQa SIQA Validation 1954 260.672
WinoGrande WinoG Validation 1267 30.364
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Table 9: Details of the dependence experiment depicted in Figure 4b in the main paper. For
every experiment, we choose a data modification and a scalar outcome that we measure during
dependence testing. The dependence matrix depicts the change in the outcome due to the data
modification.

Experiment Data Modification Outcome Yi

KA As in the main experiment Accuracy at answering knowledge-based questions

MR As in the main experiment Test accuracy for problems of difficulty level 1

BC The 10,000 holdout questions Benchmark Accuracy

MemP As in the main experiment Cross-entropy loss of the inserted data.

MemV - -

GW Random noise is added to the em-
bedding

Mean of the test statistics

PP Prompt extraction poisoning data Prompt extraction evaluation after pretraining

FC As in main experiment Cross-entropy loss of the inserted data

IID As in main experiment Cross-entropy loss of the inserted data

MUSE As in main experiment Cross-entropy loss of the inserted data

Why does the approach not work for the verbatim memorization experiment? The fact that
there are no results for the verbatim memorization experiment highlights an interesting limitation of
continual pretraining dependence testing. For continual pretraining dependence testing, an exper-
iment needs to consist of a data modification that can be applied at relatively high intensity to an
intermediate checkpoint. In this sense, the method is similar to data ablation experiments, which are
increasingly common for selecting LLM pre-training data (Grattafiori et al., 2024). The verbatim
memorization experiment, however, specifies the absence of specific texts during the entire train-
ing run. Since the OLMo-2-1B checkpoint at gradient step 100.000 has already been extensively
exposed to this data, it seems unclear what would be an appropriate data modification to approxi-
mate the behavior of this experiment during continual pretraining (removing the respective texts for
only 100 gradient steps from the training data has no significant effect on the relevant memorization
behavior of the model). We note that this problem could apply to a broader class of phenomena
during pretraining. For example, which texts the model memorizes during pretraining may depend
on the overall distribution of the pretraining data in complex ways due to phenomena such as the
privacy onion effect (Carlini et al., 2022b). Future work may study in more detail which pretraining
phenomena can and cannot be approximated with continual fine-tuning experiments.

F.2 DEPENDENCE TESTING WITH A CHECKPOINT LATER IN TRAINING

Here, we show that the results of the experiments depicted in Figure 4 in the main paper do not
depend too strongly on the intermediate model checkpoint chosen for the experiments. Instead of
performing dependence testing with the OLMo-2-0425-1B checkpoint at gradient step 100.000, we
now use the checkpoint at gradient step 1.000.000. The result of this experiment is depicted in
Figure 22. By comparing Figure 4 and Figure 22, we see that the overall structure of the dependence
matrices is remarkably similar. For the benchmarks, the estimated dependence structure between the
benchmarks is similar (for example, ARC-Easy and ARC-Challenge are dependent in both figures).
For the experiments, we again see no evidence of dependencies. Interestingly, it appears that the
dependencies between the benchmarks are slightly stronger for the later checkpoint.

F.3 DEPENDENCE TESTING WITH OLMO-2-7B AND OLMO-2-13B

To check whether the experiments from this paper could be conducted at a larger scale, we conduct
continual pretraining dependence testing with OLMo-2-7B and OLMo-2-13B. The details of this
experiment are the same as for 1B model. We choose the model checkpoint at gradient step 700.000
for the 7B model and 350.000 for the 13B model. The result of the experiment is depicted in Figure
23. Similar to the results for the 1B parameter model, we find no evidence of dependencies between
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(a) Benchmarks from OLMES (Gu et al., 2025)
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(b) Experiments from Table 1

Figure 22: Continual pretraining dependence testing with a checkpoint later in training pro-
vides similar results. This figure depicts the result of the same experiment as Figure 4 in the main
paper, but for the OLMo-2-0425-1B checkpoint at gradient step 1.000.000.
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(b) OLMo-2-13B

Figure 23: Dependency testing with OLMO-2-7B and OLMo-2-13B provides similar results.
This figure depicts the result of continual pretraining dependence testing for the Experiments in
Table 1 with OLMo-2-7B and OLMo-2-13B.

the experiments. However, we observe that some of the numbers in the dependency matrix are
different for the larger models. For example, the effect of the intervention for the mathematical
reasoning experiment decreases from 45.4 for the 1B model in Figure 4b to 18.2 for the 7B model
and 7.6 for the 13B model. The reason for this is that the larger models have a better baseline
capability at the reasoning task (≈ 80% for the 7B model), which leaves less room for improvement
due to the experimental intervention. For the mathematical reasoning experiment, we also observe
positive and negative fluctuations in the evaluation of around 1 percentage point. By evaluating the
model without intervention at different gradient steps, we find that this fluctuation represents the
natural amount of variation in the reasoning evaluation, and is thus not indicative of dependencies
(Heineman et al., 2025).

F.4 ABLATION: NUMBER OF MODIFIED TOKENS

In the dependence testing experiment in the main paper, we modify approximately 1% of the training
tokens. Here, we present the results of ablation experiments where we vary the number of modified
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Figure 24: Modifying the number of inserted tokens. Every datapoint depicts the result of an
experiment where the intermediate OLMo-2-0425-1B checkpoint at gradient step 100.000 is trained
for 100 gradient steps with a single training data intervention. The x-axis depicts the number of
tokens modified as a percentage of the total tokens (209.7M for 100 gradient steps). The y-axis
depicts the evaluation associated with the intervention after training (compare Table 9).

tokens. Overall, choosing the number of modified tokens in the dependence testing experiments is
a matter of calibration. On the one hand, we would like to choose the number of modified tokens
as large as possible, to maximize the effect of the intervention. On the other hand, modifying too
many tokens may lead to unstable training dynamics. The reason for this is that pretraining does
not tolerate sudden shifts in the training data distribution (in a continual pretraining experiment,
we continue training with the checkpointed optimizer states, that is, there is no warmup of the
optimizer).

Figure 24 depicts the result experiments where we train with increasingly many tokens. From Figure
24, we see that modifying 0.001% of the training data does not lead to measurable effects on model
behavior as judged by our mathematical reasoning, knowledge acquisition, and prompt extraction
metrics. As we increase the number of modified tokens, we measure an increasingly strong response
on the evaluation metrics. For 0.1% of modified training tokens, the measured effects are already
quite significant. For example, the model’s accuracy on the simplest reasoning problems increases
by 20 percentage points. Note that Figure 24 does not depict the result of any dependence testing:
We simply ask how much model behavior changes in response to training data modifications of
different sizes, for three different tasks.

Based on the results in Figure 24, we have conducted dependence testing with an insertion rate of
0.1% (as opposed to an insertion rage of 1%, as in the main paper). The result of this experiment
is depicted in Figure 25. From Figure 25, we observe that dependence testing with an insertion
rate of 0.1% provides similar results. However, the results with an insertion rate of 1% are more
pronounced, so they might be preferred. Overall, we find that the results of continual pretraining
dependence testing are robust with respect to the number of modified tokens.

F.5 ABLATION: NUMBER OF TRAINING STEPS

Our dependence testing experiments are performed over 100 gradients steps. Here, we present the
results of an ablation experiment where we modify the number of training steps. Figure 26 depicts
the result of continual pretraining dependence testing for 50, 100, and 500 gradient steps. In this
experiment, we keep the number of inserted tokens constant and only change the number of gradient
steps. From Figure 26, we see that the structure of the dependence matrix is similar for all three step
sizes. For smaller step sizes the results are more pronounced, as is expected given that the amount
of inserted data is held constant Bordt et al. (2025). Overall, we find that the results of continual
pretraining dependence testing are robust with respect to the number of training steps.

F.6 CONFIDENCE INTERVALS FOR DEPENDENCE TESTING

In this section, we develop statistical confidence intervals for dependence testing.
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(b) 1% (as in main paper)

Figure 25: Dependence testing with 0.1% and 1% modified tokens provides similar results. We
train for 100 gradient steps with 0.1% and 1% of insertions. The results for 0.1% of insertions are
similar, but the measured effects are generally smaller.
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(b) 100 Steps (as in main paper)
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(c) 500 Steps

Figure 26: Dependence testing with a different number of training steps provides similar re-
sults. The figure depicts the result of varying the number of training steps in the benchmark de-
pendence experiment. In all experiments, the benchmark questions are repeated four times in the
training data. As we increase the number of training steps, the overall impact of benchmark con-
tamination decreases, consistent with Bordt et al. (2025). The structure of the dependence matrix
remains the same.

Establishing Baseline Variation. To develop a confidence interval for dependencies between dif-
ferent training data modifications, we need to know the amount of random variation in our outcome
measures that can occur without data modification. To assess this random variation, we repeatedly
measure all evaluation scores (benchmarks and experiments) as we train for 2000 gradient steps
without intervention. This approach is inspired by Heineman et al. (2025), who observe significant
noise in evaluation scores throughout training.

Constructing a Confidence Interval. After measuring the degree of random variation in our eval-
uation scores, we construct confidence intervals that cover the observed variation. Concretely, the
width of the confidence interval is twice the size of the difference between the largest and the small-
est observed evaluation results (to cover both positive and negative deviations). This is illustrated
in Figure 30. From Figure 30, we observe that the constructed confidence intervals provide a good
cover of the random fluctuations in evaluation scores.

Validity of the Confidence Intervals. Under the assumption that the evaluation results observed
during training without intervention are independent draws from the null hypothesis “no effect of
the data modification”, our confidence intervals provide a formally valid 95% confidence interval
(because we have 20 different observations after training for 100 gradient steps each). In addition,
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Figure 27: The effect of model size on the results of three different experiments. (a): The
effect of benchmark contamination increases with model size. (b): Smaller models are less accurate
at answering factual questions about the fictitious knowledge inserted as part of the knowledge
acquisition experiment. (c): The prompt extraction attack remains successful at the 179M parameter
scale.

the constructed confidence intervals have an intuitive interpretation: Is the variation in the outcome
measure that we observe due to a data modification larger or smaller than the variation that we would
observe when training for 2000 steps without any intervention? Because of this interpretation, we
call the resulting confidence intervals “2000-Step Confidence Intervals”.

F.7 EXTENDED DEPENDENCE ANALYSIS OF MODIFYING THE NUMBER OF TOKENS

We now extend our analysis from intra-experiment variation to measuring cross-experiment depen-
dencies. Figures 31 through 33 illustrate the shifts in evaluation metrics due to a given pretrain-
ing data intervention as we modify an increasing number of tokens in the training data. To judge
whether these variations are significant, we overlay the 2000-Step Confidence Intervals established
in the previous section as a baseline for natural variation.

Across all figures, the targeted evaluations consistently exceed the 2000-Step Confidence Intervals,
confirming the intended effect of the data modifications (for example, see Figure 31 (a), Figure
32 (c), Figure 33 (a), and Figure 34 (e)). We also observe significant dependencies in the case
of benchmark contaminations, where scores frequently deviate beyond their confidence bands due
to benchmark dependencies. In contrast, we find no significant cross-experiment dependencies for
evaluations of unrelated experimental setups. These remain within the confidence bands. However,
at the maximum data modification level of 5%, we do observe a small increase in validation loss,
suggesting that the data modification starts to slightly impact overall model performance.

G EFFECT OF MODEL SIZE

To get insights into the effect of model size on the experiments, we train two additional models,
OLMo-2-546M-Exp and OLMo-2-179M-Exp. OLMo-2-546M-Exp has 546M parameters, ap-
proximately one-third of the parameters of OLMo-2-1B-Exp. OLMo-2-179M-Exp has 179M pa-
rameters, approximately one-ninth of the parameters of OLMo-2-1B-Exp. Both models are trained
on the same batches of data that OLMo-2-1B-Exp is trained on, including the insertions from the
knowledge acquisition experiment (these are considered fixed).

Figure 27 and Figure 28 depict the results of evaluations from the experiments for the different model
sizes. Consistent with the results of many other works, we find that the impact of the experimental
modifications on smaller models is generally smaller (Kocyigit et al., 2025; Bordt et al., 2025; Zhang
et al., 2025b; Wei et al., 2025). For example, for the 179M parameter model, the effect of benchmark
contamination is not statistically significant even with a repetition rate of 32 times. There are also
some interesting differences between the experiments. For example, the 179M parameter model can
answer knowledge-based questions about the fictitious knowledge inserted as part of the knowledge
acquisition experiment. The prompt extraction attack works for this model size as well. At the same
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Figure 28: Mathematical Reasoning Capabilities Increase With Model Size. The figure depicts
model performance on mathematical reasoning problems of increasing difficulty level for OLMo-2-
1B-Exp, OLMo-2-546M-Exp, and OLMo-2-179M-Exp. For OLMo-2-1B-Exp, these are the results
also depicted in Figure 2b in the main paper. We observe two different effects of decreasing the
model size. First, OLMo-2-546M-Exp performs worse than OLMo-2-1B-Exp, but still better than
the larger baseline model OLMo-2-1B that did not see the reasoning problems during training (com-
pare Figure 2b in the main paper). On the other hand, OLMo-2-179M-Exp performs poorly even on
the simplest reasoning problems, suggesting that this model is too small to learn the desired behavior
in our setup.
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Figure 29: Comparison of 1-run membership inference techniques under 1-time contamina-
tion. This figure compares the performance of 1-run membership inference methods following a
single data contamination event. Point estimates for the ROC-AUC are plotted, complemented by
95% bootstrap confidence intervals.

time, the 179M parameter model struggles even with the simplest reasoning problems, an effect that
is not observed for the 546M parameter model.

H EFFECTIVENESS OF DIFFERENT MEMBERSHIP INFERENCE ATTACKS

This section analyzes privacy risks under the strict constraint of a single training run and a single data
contamination event, comparing the efficacy of three distinct membership inference methodologies
in Figure 29.

Membership Inference Methods Under Comparison.
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• Standard Loss-Based MIA (Shokri et al., 2017): This serves as our baseline. It employs the
model’s loss as the test statistic, comparing randomly sampled sequences from the training and
test sets.

• Secret Token MIA (Panda et al., 2025): This method also uses the model’s loss as the test
statistic but enhances the signal by appending unique secret tokens to the training and test
sequences as described in Supplement E.4.

• Gaussian Watermark MIA (Pawelczyk et al., 2025): This novel approach involves adding
Gaussian noise vectors to randomly sampled embeddings during training. The final test statis-
tic is then computed as described in Supplement E.6.

Experiment Design. For the standard loss-based MIA and the secret token MIA, we use the same
setting as from section E.4: We augment the training data with texts from SODA, a “million-scale,
high-quality dialogue dataset covering a wide range of social interactions” (Kim et al., 2022).
We then randomly split the dataset into 2 experimental conditions with 4.000 samples each. 4000
additional samples serve as holdout samples. The experimental conditions vary depending on the
MIA we conduct:

• Standard Loss-Based MIA: The conversation is added 1 time into the training set.
• Secret Token MIA: A rare token is appended to the conversation, which is added 1 time to

the training data.

For the Gaussian Watermark MIA, we use the same data as in Section E.6. We add independent
and identically distributed Gaussian watermarks to the word embeddings. We choose σ = 0.075 as
before and add Gaussian watermark samples every 1000 micro-batches to a random subset of the
training data. We save all the Gaussian watermarks, along with the corresponding inputs they were
added to. We also generate 1000 Gaussian holdout watermarks (not included in training).

Results. We observe distinct differences in attack efficacy for the membership inference attacks
considered in this work. The Gaussian Watermark technique (Pawelczyk et al., 2025) demonstrates
the highest performance, proving to be the most effective MIA in this setting, followed by the Secret
Token strategy (Panda et al., 2025). Conversely, and consistent with the findings of Carlini et al.
(2022a), standard loss-based MIAs, such as those proposed by Shokri et al. (2017), fail to extract a
meaningful signal and remain ineffective in this low-repetition regime.

I ADDITIONAL NOTES

CODE, CHECKPOINTS AND REPLICABILITY

The training of OLMo-2-1B-Exp is fully reproducible, and our code and model checkpoints are
fully open, similar to the original OLMo-2 models. To preserve anonymity during the review
phase, we provide only the link to the anonymous code repository at https://github.com/
iclr12814/code. The de-anonimized version of the paper will contain the link to OLMo-2-1B-
Exp on Huggingface, as well as the link to all training data modifications as a Huggingface dataset.
We will also provide various links to code repositories and datasets that went into the creation of the
experiments.

LLM USAGE

We used Claude Sonnet, Claude Opus, and Google Gemini to automate coding tasks, provide LaTeX
templates and bug fixes, provide writing suggestions, and proofread the paper
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(e) Variation in Knowledge Acquisition
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(f) With Confidence Interval

Figure 30: The Construction of 2000-Step Confidence Intervals. (a), (c) and (e): We first measure
the random variation in all evaluations when training for 2000 steps without intervention. (b), (d)
and (e): We construct confidence intervals that cover the observed variation. These confidence
intervals are then used in Figures 31, 32, 33 and 34 to assess whether the effect of training data
modifications is significant (i.e., exceeds random variation).
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(f) Validation Loss
Evaluation Result Without Intervention 2000-Step Confidence Interval

Figure 31: Modifying the number of mathematical reasoning tokens. The figure depicts the ef-
fect of increasing the number of mathematical reasoning tokens on the evaluation results of different
experiments. The experiment is the same as in Figure 24a, but here we additionally depict the results
of the other evaluations. The figure also depicts confidence intervals for the respective evaluations.
We see that only the mathematical reasoning capabilities are significantly increased when modify-
ing the number of mathematical reasoning tokens; all other capabilities remain largely unaffected.
However, for the largest insertion rate of 5%, we observe a slight increase in the validation loss.
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Figure 32: Modifying the number of pretraining poisoning tokens. The figure depicts the effect
of increasing the number of pretraining poisoning tokens on the evaluation results of different ex-
periments. The experiment is the same as in Figure 24c, but here we additionally depict the results
of the other evaluations. The figure also depicts confidence intervals for the respective evaluations.
We see that only the pretraining poisoning capabilities are significantly increased when modifying
the number of pretraining poisoning tokens; the evaluation results of other experiments remain un-
affected. However, for the largest insertion rate of 5%, we observe an increase in the validation loss.
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Figure 33: Modifying the number of repetitions of ARC-Challenge benchmark questions. The
figure depicts the effect of increasing the repetitions of ARC-Challenge benchmark questions on
the scores of different benchmarks. The figure also depicts confidence intervals for the respective
evaluations. We see that the scores of multiple benchmarks change as we modify the number of
ARC-Challenge tokens in the training data.
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Figure 34: Modifying the number of repetitions of OpenbookQA benchmark questions. The
figure depicts the effect of increasing the repetitions of OpenBookQA benchmark questions on the
scores of different benchmarks. The figure also depicts confidence intervals for the respective eval-
uations. We see that the scores of multiple benchmarks change as we modify the number of Open-
bookQA tokens in the training data.
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